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ABSTRACT
The permeability o f the lysosome membrane to substances related to 
cystine was examined in  Chapter 3. The results o f this study indicate 
that cysteine and cysteamine can permeate the lysosomal membrane, whilst 
cystamine shows pH-dependent permeability properties.
In Chapter 4, reports that ATP could stimulate the uptake o f proteins 
by intact lysosomes in vitro were examined. There was no evidence that 
ATP influenced uptake o f ^^1 —labelled albumin by intact lysosomes• ATP 
disrupted intact lysosome—enriched suspensions by lowering the pH o f the 
medium.
125- 14 35
a- labelled PVP, [U— C]sucrose and [ S]cystine were entrapped
within negatively charged (DPPC/DPPA) multi lameliar liposomes (Chapter 6) .
Both 125i—labelled PVP and [U—^ C ] sucrose were retained by these liposomes
at 37°C, but [^S ]cystine was not. At 37°C 12 ^ - la b e lle d  PVP leaked from
positively charged (DPPC/stearylamine) liposomes.
In  Chapters 7 and 8, the distributions of injected ^ ^ I-la b e lle d  PVP, 
14 35[U- C Jsucrose and [ S]cystine in  the ra t were investigated. For a l l  
three substances, entrapment within negatively charged liposomes led to 
an increased hepatic uptake compared with non-entrapped substance.
^ 5I-labe lled  PVP remained within the liv e r  a fter i t s  in it ia l  uptake, at 
least over the 48h a fter injection. However, both liposome-entrapped
m a 35
[U— w] sucrose and liposome-entrapped [ S] cystine had largely been removed 
from the liv e r 48h after injection.
The subcellular location o f injected (DPPC/DPPA) liposome entrapped
I25r -labe lled  PVP suggests that these liposomes entered the liv e r  ce lls  by
phagocytosis. I f  one assumes that liposomes o f identical composition but
with different contents are treated identically by ce lls  (the evidence is
r 14 ,
discussed in Chapter 8) ,  then the results suggest that lU- CJ sucrose 
and t^S]cystine are able to escape from the lysosomes.
i i i
Further evidence fo r  the entry o f  DPPC/DPPA liposomes containing 
entrapped 12^ -labe lled  PVP into liv e r  ce lls  by phagocytosis was obtained
in  Chapter 9, in which the setting up o f a method for exploring the
permeability o f the lysosorae membrane to small molecules is  described.
12
The results o f the f i r s t  experiments using l-labe lled  PVP indicate that
i t  is  unable to escape from intact lysosomes in v itro .
i v
ABBREVIATIONS
Acid DNAase
Aryl-S.ase
DMPC
DO PC
DP PA
DPPC
DSPC
EDTA
egg PC
EGTA
GIT
22^-Labe lled  dBSA 
32 5I-Labelled PVP 
22 h-PVP
LUV
KLV
NO PS
N-Ac-  fJ-G.ase )
)
N_A.c-f5-Gluc.ase ) 
n.d.
PC
PVP
S.E.M.
SUV
acid deoxyribonuclease
(in  Figure and Tables) arylsulphatase
dimyristoylphosphatidylcholine
dioleoylphospati dylcholine
dipalmitoylphosphatidic acid
dipalrAtoylphosphatidylcholine
di s t earoy lpho s phat i  dy lcho line
ethylenediamine tetraacetic acid
egg phosphatidylcholine
ethyleneglycol-bis-(8-aminoethyl ether) IT, II '-  
tetraacetic acid
glutathione-insulin transhydrogenase
125forralin  denatured, I -labelied bovine serum albumin
12 5_
I -labe lied  poly(vinylpyrrolidone)
(in  Figure and Tables) I-labe lled  po lyv iny l­
pyrrolidone)
large unilamellar vesicles 
multilamellar vesicles 
morpholinopropane sulphonic acid 
(in  Figures and Tables)
N-acety 1- fJ-D-glu cosami ni dase 
(in  Tables) not determined 
phosphatidylcholine 
poly(v i nylpyrrol i  done) 
standard error of the mean 
small unilamellar vesicles
ACKNOWLEDGEMENTS i
ABSTRACT i i
LIST CF ABBREVIATIONS iv
CHAPTER 1 GENERAL INTRODUCTION
1.1 Cystinosis: An unresolved problem . .  . .  . .  1
1.2 The digestive organelle: The lysosome . .  . .  4
1.2.1 The digestive capacity of lysosomes . .  4
1.2.2 The lysosomal membrane •• . .  . .  . .  4
1.2 .3 .The method o f entry o f substrates into
the lysosomes 7
1.2.4 The digestive system of lysosomes . .  9
1.2.5 Lysosomal storage diseases •• . .  . .  10
1.3 Lysosomal metabolism of cystine residues •• 14
1.3.1 The possible defect in cystinosis . .  15
1.4 Aims o f this thesis . .  . .  . .  . .  17
CHAPTER 2 MATERIALS AND METHODS
2.1 Fractionation procedures . .  . .  . .  . .  18
2.1.1 Preparation o f a lysosome-enriched
fraction o f rat liv e r •• 18
2.1.2 Subcellular fractionation o f rat liv e r  19
2.2 Preparation o f large multilameliar liposomes 20
2.3 Enzyme assays     22
2.3.1 p-Nitrophenyl-N-acetyl-g-D-
glucosaminidase . .  . .  22
2.3.2 4-i'Iethylumbellif ery1-N-a ce ty1-8-D -
glucosaminidase •• 23
2.3.3 Arylsulphatase    23
2.4 Estimation o f protein •• •• . .  . .  25
2.5 Estimation o f cysteine    26
CONTENTS
Page
Page
2»6 Estimation o f radioisotopes •• •• •• . .  27
2.6.1 ^^I-4ladioactivity . .  . .  . .  . .  27
2.6.2 l 4C-Radioactivity . .  . .  . .  . .  27
2.6.3 ^S-Radioactivity , .  . .  . .  . .  27
2.7 Intravenous injections . .  . .  . .  . .  28
2.8 Collection and analysis o f blood from injected
rats 29
1252.8.1 Blood containing I-radioactivity . .  29
142.8.2 Blood containing C-radioactivity . .  29
352.8.3  Blood containing S-radioactivity . .  29
2.9 Counting o f radioactive tissue samples . .  . .  30
1252.9.1 Tissues containing I —radioactivity 30
2.9.2 Tissues containing *4C-radioactivity . .  30
352.9.3 Tissues containing S-radioactivity 30
2.10 Source o f radioisotopes •• . .  . .  31
CHAPTER 3 THE PERMEABILITY OF RAT LIVER LYS0S0MES TO SOKE 
SULPHYDRYL COMPOUNDS
3.1 Introduction . .  . .  , .  . .  32
3.2 Experimental procedures   . .  34
3.3 Permeability o f rat liv e r  lysosomes to the
tested compounds •• 35
3.4 Discussion . .  . .  . .  . .  38
CHAPTER 4 INVESTIGATION OF A METHOD FOR THE INTRODUCTION OF A 
PROTEIN INTO INTACT LYSOSOMES IN VITRO
4.1 Introduction •• •• . .  , .  39
4.2 Experimental procedures •• . .  . .  . .  40
4.2.1 Measurement o f lysosomal stab ility  at
various pH values •. 40
4.2.2 Measurement of the effect of.ATP and 
MgClo on the degradation o f x -  
labelled dBSA added to lysosome-
enriched suspensions •• 40
4.3 Results •• •• •• •• 42
4.3.1 The pH-dependence o f lysosome stab ility
at 37°C 42
4.3.2 The effect o f ATP and MgC^ on the 
degradation o f ^^1 -labelled  dBSA 
added to lysosome-enriched suspensions
( i )  t r is  buffers 42
4.3.3 The effect o f  ATP and MgC^ on the 
degradation of -^^1—labelled dBSA 
added to lysosome-enriched suspensions
(ii)phosphate buffers 43
4.3.4 The effect o f ATP and MgC^ on the free  
enzyme activity o f a lysosome-enriched
suspension 44
4.3.5 The effect o f MpH adjusted" ATP and 
MgCl2 on the degradation of ^  
labelled dBSA added to lysosome-enriched
sin pensions 44
4.3.6 Degradation o f "^^1-labelled  dBSA during
counting procedure 45
4.4 Discussion . .  . .  . .  . .  47
CHAPTER 5 THE SUBCELLULAR LOCATION CF TWO LYSOSOMAL ENZYMES AND
4 -LABELLED PVP, FOLLOWING DIFFERENTIAL CENTRIFUGATION 
OF RAT LIVER HOMOGENATES IN DIFFERENT SOLUTIONS
5.1 Introduction . .  . .  . .  . .  50
5.2 Experimental procedure , .  . .  . .  . .  52
5.2.1 D ifferentia l subcellular fractionation
of rat liv e r  52
5.3 Results and Discussion . .  ....................  53
5.3.1 Total recoveries o f markers •• . .  53
5.3.2 Expression o f results   53
5.3.3 Effects o f using different homogenising
solutions 54
CHAPTER 6 THE PREPARATION AND PROPERTIES OF LIPOSOMES CONTAINING 
ENTRAPPED SUBSTANCES
6.1 Introduction . .  . .  . .  . .  57
6.1.1 The structure and permeability of
liposomes •• 57
6.1.2 The preparation of liposomes . .  . .  60
Page
6.1.3 The interaction o f liposomes with ce lls 63
6.1.4 Experimental evidence for the interaction
of liposomes with ce lls  64
6.2 The preparation o f liposomes used in this work 69
6.2.1 Theoretical requirements of the liposomes 69
6.2.2 Selection of substances for entrapment
within liposomes 70
6.2.3 Preparation o f liposomes containing
22 5I-labe lled  PVP . .  70
146.2.4 The entrapment o f [U- C]sucrose and
35S cystine (as dihydrochloride) 
within liposomes, and the temperature
stab ility  of these liposomes 75
6.3 Discussion .................. . . .  77
CHAPTER 7 THE BLOOD CLEARANCE AND TISSUE DISTRIBUTION OF NON- 
ENTRAPPED AND LIPOSOME-ENTRAPPED SUBSTANCES 
INJECTED INTO RATS
7.1 Introduction . .  . .  . .  . .  79
7.2 The clearance o f intravenously injected
substances from the bloodstream o f rats . .  83
7.2.1 12^ -la b e lle d  PVP . .  * ...................  83
7.2.2 [U-14C]Sucrose ................................ 85
7.2.3 [35S]Cystine ................................ 86
7.3 The tissue distribution o f substances intra­
venously injected into the rat 87
7.3.1 ^^1 -Labelied PVP ................................ 87
7.3.2 [U-14C] Sucrose ................................ 88
7.3.3 r°S ]Cystine ................................ 89
7.4 Discussion •• •• . .  . .  90
CHAPTER 8 THE SUBCELLULAR DISTRIBUTION OF SOKE LIPOSOME- 
ENTRAPPED EXOGENOUS SUBSTANCES IN RAT LIVER
8.1 Introduction •• ...................... 94
8.2 Experimental procedure . .  •• •• . .  95
8.3 Results and discussion . .  •• . .  . .  96
8.3.1 The suboellular location o f injected
12^ -la b e lle d  PVP 96
Page
Page
8.3.2 The subcellular location o f injected
[U- 4C Isucrose 102
8.3.3 The subcellular location o f injecte'd
[35s Icystine 104
8.3.4 Summary . .  . .  . .  . .  105
CHAPTER 9 THE RELEASE . OF 12^-LABELLED PVP FROM RAT LIVER 
LYSOSOMES IN VITRO FOLLOWING THE INJECTION OF 
LIPOSOME-ENTRAPPED 32 ^ -LABELLED PVP
9.1 Introduction •• ....................  109
9.2 Experimental procedure •• •• . .  . .  I l l
9.3 Results and discussion •• •• . .  . .  112
CHAPTER 10 GENERAL CONCLUSIONS 322
REFERENCES 325
APPENDIX PRESENTATION OF DATA OF FIGURES IN TABULAR FORM
CHAPTER 1
General Introduction
11.1 Cystinosis : An unresolved problem
Cystinosis i s  an inherited disease in which vast amounts o f cystine 
accumulate within ce lls , particularly those o f the reticuloendothelial 
system (see Schulman, 1973; Seegmiller, 1973). Children with the disease 
appear normal fo r the f i r s t  six months o f l i f e ,  but then gradually show 
polyuria and polydypsia,signs of a renal tubular defect o f water 
reabsorption, which in turn leads to recurrent fevers (usually the presenting 
symptom). As the tubular dysfunction increases, other signs are presented, 
e .g . increased renal excretion of glucose, amino acids, phosphate and 
potassium. Careful examination at this stage may reveal the presence o f 
glomerular damage, and i t  is  the rate at which this progresses that 
determines the course o f the disease. Cystinotic children remain below 
the third percentile in  both height and weight throughout their lives, and 
as the disease progresses, the growth fa ilu re  becomes more apparent. The 
glomerular damage progresses so that, unless treated, death usually occurs 
before puberty.
The disease is  inherited as a simple autosomal recessive which, 
together with it s  rarity , means that i t  is  often not identified until the 
more overt signs o f glomerular damage occur. Diagnosis is  confirmed by 
the presence o f crystalline opacities in  the conjunctiva and peripheral 
cornea, using a simple test performed with a s l i t  lamp.
The blood o f cystinotic children contains normal levels o f cystine 
(Schneider, et a l . ,  1957; Seegmiller et a l . ,  1968), which indicate that 
the in tracellu lar cystine crystals do not enter the ce lls  from the extra­
ce llu lar flu id . The crystals are found primarily within the 
reticuloendothelial ce lls  o f bone marrow, liv e r , spleen and lymphatic 
system. Although there is  an increased concentration o f cystine within 
cystinotic ce lls , a comprehensive survey o f a l l  the known enzymes o f 
cystine metabolism revealed no defect (Patrick, 1952; Tietze et a l , , 1972).
2Schneider et a l .  (1967) found that the cystine in cystinotic leucocytes 
was largely contained in a granular fraction which co-sedimented with 
acid phosphatase, and Schulman et a l ,  (1959), using similar c e lls ,  
localised the cystine to a fraction rich in lysosomal enzymes. His group 
later published electron micrographs (Schulman et a l . ,  1970) showing that 
in v itro , macrophages took up fe rr it in  to the same cellu lar compartment 
as the cystine, while other workers (Patrick and Lake, 1968) have shown 
electron micrographs of lymph node ce lls  containing cystine crystals 
surrounded by a membrane. This demonstration that excess cystine is  
within the lysosomes is  compatible with cystine being derived from 
extralysosomal cystine which is  abnormally concentrated by the lysosomes, 
or has it s  origin within the lysosomes. Recent work (Oshima et a l . ,
1976) has shown that the cystine accumulated within the lysosomes is  
derived from protein material, possibly from intracellu lar protein (Thoene 
et a l . , 1977)•
Although there has been much study of the ab ility  o f lysosomes to 
degrade proteins (see Barrett and Dingle, 1971), comparatively l i t t le  is  
known o f the fate of protein disulphides within the lysosomes. In order 
to speculate on the possible treatment o f  cystine residues by the lysosomes, 
and to examine the possible molecular basis o f cystinosis, i t  i s  f i r s t  
necessary to discuss aspects o f the lysosomal system (Section 1 .2 ).
However, even without this fundamental information, various forms o f  
therapy have been attempted. Such therapy is  of four types:
( i )  Dietary therapy.
Cystine is  not an essential amino acid, and several attempts have been 
made to lim it the dietary intake o f cystine in  an e ffo rt to diminish the 
ce llu lar levels (see Bickel et a l . ,  1973). Although such diets succeed 
in  lowering the plasma cystine concentrations they have l i t t le ,  i f  any, 
effect on the intracellu lar levels o f the amino acid.
3( i i )  Therapy using reducing agents.
Clearly, i f  the cystine can be reduced to the soluble cysteine, then 
i t  may be possible to remove the deposits within the c e lls . Both 
dithiothreitol and ascorbic acid have been vised in this way following 
reports than these substances lowered intracellu lar cystine levels o f 
cystinotic fibroblasts in v itro . Unfortunately neither substance proved 
to be c lin ica lly  effective (Seegmiller, 1973; Schneider and Schulman, 
personal communication).
( i i i )  Renal transplantation.
Since the cause o f death in  cystinosis is  usually attributed to renal 
fa ilu re , a renal transplant may allev iate  the symptoms of the disease. 
Additionally, since the a llograft w il l  be o f  a different genotype the 
glomerular damage might not be expected to recur. Since the f i r s t  
transplants in 1969, the evidence suggests that renal a llografts do extend 
the life-expectancy o f cystinotic children considerably (see Goodman et a l . ,  
1973).
( iv ) Diagnosis in  utero.
There is  now a re liab le  test for the identification o f cystinosis in  
the foetus (Schneider et a l . ,  1974). The test is  only carried out when a 
family already has a cystinotic child, but does give the parents the chance 
o f avoiding further cystinotic offspring, should the test prove positive, 
by opting for an abortion o f the affected foetus.
41.2 The digestive organelle : The lysosome
1.2.1 The digestive capacity o f lysosomes
The lysosome is  a subcellular particle which consists o f an array of 
digestive enzymes bounded by a semi-permeable membrane» The lysosomal 
enzymes are capable o f degrading a wide range o f biopolymers to small 
molecules (Holtzman, 1976). In general the enzymes are specific only in 
the type o f bond they are capable o f breaking. For example, there is  a 
whole series o f lysosomal glycosidases that is  responsible for the 
sequential removal o f specific sugar residues from gangliosides, each 
enzyme specific for one type of glycosidic bond.
The degradation o f proteins i s  also carried out by a collection of 
enzymes known as the cathepsins (see Barrett and Dingle, 1971; Barrett, 
1975). Of the major enzymes, cathepsins B1 and D are endopeptidases, and 
cathepsins A and B2 are carboxypeptidases. In addition cathepsin C 
(dipeptidyl aminopeptidase I )  and dipeptidyl aminopeptidase I I  are present 
within lysosomes. Clearly, the lysosome i s  capable of degrading proteins 
to the level o f amino acids.
1.2.2 The lysosomal membrane
The chief feature o f lysosomes i s  the membrane which separates the 
enzymes from the surrounding cytosol. I t  i s  the permeability o f this 
membrane which determines many o f the properties of the lysosomes. The 
membrane effectively separates the enzymes within intact lysosomes from 
substrates outside, and i t  was this feature that led to their discovery 
by de Duve in 1949 (see de Duve, 1969) through the phenomenon of latency. 
The barrier preventing fu l l  expression o f enzymic activity can be 
breached by the use o f osmotic shock, ultrasonic irradiation, detergents 
and freeze/thaw cycles.
1.2.2.1. The permeability o f the lysosomal mambrane
The lysosomal membrane is  not freely permeable to a l l  substances, 
e .g . the lysosomal enzymes and those substrates that confer the property
5of latency upon lysosomes. When macroroolecular substrates are digested 
within lysosomes many low molecular weight products resu lt. I f  a l l  of 
these small molecules were unable to escape from the lysosomes, an increase 
in the internal osmolarity o f the lysosomes would occur. This would 
cause an influx o f water which could lead to a rupture of the lysosomal 
membrane. Also, i f  the digestion products were to remain sequestered 
within the lysosomes, there would be no advantage in carrying out the 
breakdown o f the in it ia lly  entrapped substrates. I t  seems inevitable, 
therefore, that the digestion products must be capable o f traversing 
the lysosomal membrane.
Cohn and Ehrenreich (1969) showed that when mouse peritoneal macrophages 
were cultured in  the presence o f sucrose, vacuolation o f the ce lls  occurred. 
They attributed this to the inab ility  o f sucrose to escape from the lysosomes 
of the macrophages either as sucrose or in a digested form. As well as 
sucrose, trisaccharides and sane other disaccharides caused vacuolation, 
and so i t  was concluded that these substances could not escape from the 
lysosomes. In  a similar survey Ehrenreich and Cohn (1969) found that o f a 
series o f  amino acids and peptides tested, only D-alanyl-D-alanyl-D-alanine 
and D-glutamyl-D-glutamic acid caused vacuolation, suggesting that they 
could not cross the lysosomal membrane. The authors proposed (Cohn and 
Ehrenreich, 1969) that non-digestible substances having a molecular weight 
in  excess o f 220 could not permeate the lysosomal membrane.
A lysosome-enriched suspension w il l  remain osmotically stable in an 
isotonic solution of an impermeant solute, and thus the latency of 
lysosomal enzymes is  maintained in  such circumstances. In similar 
solutions of permeant solutes, the increase in internal osmolarity 
occurring as the solute permeates w ill lead to an influx o f water which w ill 
cause lysis o f the organelles, and a progressive loss o f latency.
U tiliz ing this property o f lysosomes, Lloyd (1969) found that the lysosomal 
membrane was permeable to most monosaccharides at 25°Cf two notable
6exceptions being potassium D-f3.uconate and D-sorbitol, which are probably 
too polar and too large (sorbito l cannot form a ring structure) 
respectively, so that they cannot penetrate the membrane of the lysosomes.
A ll the disaccharides gave osmotic protection, and therefore could not 
have penetrated the lysosomal membrane. Lloyd (1971) found that amino 
acids and tripeptides penetrated only slowly, whereas dipeptides quickly 
caused disruption o f the lysosomes. He attributed the in ab ility  of 
amino acids to cross the lysosomal membrane to their charged nature.
Lloyd (1971) endorsed the hypothesis o f Cohn and Ehrenreich (1969) but 
suggested that the conformation and charge o f molecules might be as important 
as molecular weight in  determining their ab ility  to cross the lysosomal 
membrane. Subsequent work (Burton et a l . , 1975) has reinforced this view, 
since several nucleosides can apparently traverse the lysosomal membrane 
at 25°C. Lysosomal extracts were incapable of digesting the nucleosides 
and the authors concluded that the nucleosides were able to traverse the 
lysosomal membrane because o f their hydrophobic aglycone.
A survey o f the lysosomal membrane permeability to small ions was 
undertaken by Henning (1975) who found that the order o f permeability was 
H+ >> Cs+ > Rb+ > K+ > Ma+ > Li+ »  Mg2+, Ca2+ in  Tritosomes (lysosomes 
loaded with Triton VR-1339) at 4°C. At 37°C Casey et a l . (1978) found a 
similar order for the cations Cs2+, K+ and Na+ , but found H+ to be least 
permeable and SCN” > I -  > CH3C00~ > Cl” = HCO~ = > SO^2“ fo r anions.
These results are qualitative, and i t  i s  therefore d ifficu lt  to relate  
them to the observation that at 25°C sodium chloride solutions > 0.1M 
provide osmotic protection ffJoyd, 1971) to lysosomes. I t  has been 
suggested (Davidson and Song, 1975) that there is  a thermally-induced 
alteration o f lysosomal permeability to ions, and a recent report by 
Ruth and t’eglicki (1978) provides evidence fo r the temperature-dependent 
loss o f latency o f lysosomal enzymes, involving a transition o f the 
lysosomal membrane at approx. 15°C.
7The lysosomal membrane is ,  as would have been expected, permeable to 
most small molecules, but i t  appears that the ab ility  of substances to 
traverse the membrane is  not determined solely by th e ir  molecular weight.
1.2.3 The method o f  entry o f  substrates in to  the lysosomes
The ab ility  o f the lysosomal membrane to exclude biopolymers has been 
discussed, and i t  is  this property that necessitates a degree o f complexity 
in  the functioning o f lysosomes. Since neither the lysosomal enzymes 
nor potential macromolecular substrates can traverse the membrane, there 
must be special mechanisms to present the enzymes with substrates.
I .2 .3 .I .  Extracellular substrates
Endocytosis i s  the process by which ce lls  internalize extracellular 
substances and present them to the lysosomal system. The substances are 
taken into an infolding o f the plasma membrane which forms a vesicle.
The vesicle subsequently fuses with a lysosome to in itiate  digestion o f 
the contents o f the vesicle. The involvement of lysosomes in  the 
digestion o f extracellular substrates was f i r s t  shown by the histochemical 
work o f Strauss (1964; 1967) on kidney tubule epithelia and Kupffer c e lls .  
Endocytosis has been classified  according to the nature o f the internalized
material.
particulate matter, often with a diameter in excess o f tym, is  
captured by phagocytosis and is  contained within a phagosome. This 
process requires the adsorption o f the particle to the surface o f  the ce ll 
prior to uptake. The mechanism is  thought to involve the microtubular 
system, and is  energy dependent.
Smaller particles and soluble material are taken up by pinocytosis, 
a process which has been subclassified by A llison and Davies (1974) into 
macro- and micropinocytosis. They have proposed that uptake into small 
vesicles (pinosomes) o f 70-100nm diameter is  by micropinocytosis, an 
energy independent process. Pinosomes o f a larger size are formed by 
macropinocytosis, a mechanism that i s  energy dependent.
8Pinocytosed proteins can be taken up either in the flu id  phase or 
adsorbed to the surface of the c e ll .  The high rate o f selective 
internalization o f some proteins is  due to their adsorption to the ce ll 
surface prior to uptake (Moore et a l . , 1977), This adsorption may be of 
a non-specific kind, such as that reported by Moore et a l .  (1977) to 
hydrophobic regions o f "^^1—labelled denatured bovine serum albumin. 
Alternatively, the adsorption may be quite specific, due to recognition 
of specific chemical groups within a molecule. Several specific receptors 
are now known, e .g . the galactose recognition site o f hepatocytes (Morrell 
et a l , ,  1971) which binds to desialylated glycoproteins, and the 
phosphohexose recognition system of fibroblasts (Kaplan, 1977a; 1977b) 
involved in  the binding o f g-glucuronidase and other enzymes.
Using a lysosome—enriched fraction o f mouse liver containing exogenous 
radiolabelled albumin, Mego and McQueen (1965) were able to show the 
digestion o f the sedimentable protein to an acid-soluble form, and 
identified the majority o f this product as iodotyrosine. Subsequent 
studies using rat yolk sac (Williams et a l . ,  1971) and renal ce lls  
(Davidson, 1973; 1975b) have also shown the degradation o f exogenous 
radiolabelled proteins within lysosomes, and the release into the medium 
of acid-soluble radioactivity,
1,2,3,2, Endogenous material
The incorporation of cytosol within a membrane-delimited vacuole (or 
autophagosome) has been observed in  some c e ll types (see Ericsson, 1969). 
Autophagosomes so formed then fuse with lysosomes, although some may 
contain lysosomes (and thus lysosomal enzymes) at their conception.
Autophagy seems to be more prevalent in  tissues undergoing pathological 
or physiological regression (Novikoff and Essner, 1962), but autophagpsomes 
are probably present in  most ce ll types (P fe ife r  and Scheller, 1975),
The involvement o f the lysosomal system in the degradation and turnover 
of in tracellu lar proteins has been suggested by several authors (Schimke,
91975; Segal and Dunaway, 1975; Natori, 1975; Segal et a l . ,  1976; Lloyd, 
1976). There is  some experimental evidence (Dean, 1975a and 1975b;
Natori, 1975) for the degradation o f in tracellu lar proteins within 
lysosomes, but there is  no proof that protein turnover occurs chiefly  
within lysosomes.
1.2.4 The digestive system of lysosomes
1.2.4.1. The intralysosomal pH.
The majority o f the lysosomal enzymes are most active at a slightly  
acid pH, and so i t  seems reasonable to suppose that the interior o f the 
lysosomes has a pH below neutrality. Using àn indicator dye attached 
to k illed  yeast cells  which were endocytosed, Mandell (1970) estimated 
the intraphagosomal pH o f leucocytes to be between 5.9 and 6.7.
Ey measuring the distribution o f a radiolabelled weak acid or base 
across the lysosomal membrane o f lysosomes suspended in different media 
i t  i s  possible to estimate the intralysosomal pH. Using [ ^ Ç ]methylamine . 
in this way, the pH inside lysosomes was found to be between 6.4 and 7.2, 
approx. 1 unit below the external medium (Henning, 1975). This agrees 
closely with other data obtained using this method (Reijngoud and Tager, 
1973; Reijngoud et a l . ,  1976). The general consensus is  that the intra­
lysosomal pH is  o f the order of 1.0 — 1.5 pH units lower than the 
surrounding medium. This being the case, a pH gradient exists across the 
lysosomal membrane.
1.2.4.2. The maintenance o f intralysosomal pH.
Two alternative mechanisms have been proposed for the maintenance o f  
the intralysosomal pH, one energy-dependent and the other not.
The existence o f "an ATPase mechano-enzyme complex important in  the 
governance o f lysosomal integrity" was f i r s t  postulated by Duncan (1966), 
although the major experimental evidence for the existence o f a proton 
pump in lysosomes came from Kego et a l .  (1972). They showed that ATP 
activated the intralysosomal proteolysis o f radiolabelled albumin at pH 8.
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Furthermore, these workers showed that the activation was diminished as the
pH was lowered so that there was no effect at pH 5. The activation o f
2+ 2+proteolysis by ATP was stimulated by Mg and Mn ions, but diminished by 
2+Ca ions (Mego et a l . , 1972), and was inhibited by an ionophore and also 
by an uncoupler (Mego, 1975). Other workers (Huisman et a l . ,  1974) have 
shown that ATP merely stabilises lysosoraes at high pH, while Henning (1975) 
could find no effect o f ATP upon the lysosomal pH gradient.
An energy-independent Dorman equilibrium operating across the 
lysosomal membrane was f i r s t  postulated by Coffey and de Duve (1968). 
Reijngoud and Tager (1973 and 1975) carried out work using Tritosomes 
(lysosomes containing entrapped Triton UR-1339), and by measuring the 
distribution o f [ ^4C]methylamine across the lysosomal membrane, found 
that the results were compatible with the existence of a Donnan 
equilibrium across the membrane. The variation of pH in  the presence 
o f various cations at 4°C is  consistent with the existence o f a Donnan 
equilibrium (Henning, 1975).
More recently, the observation o f the low proton permeability of 
the lysosomal membrane at 37°C (Casey et a l . , 1978) has led to the proposal 
that the equilibrium maintaining the pH gradient is  not a true Donnan 
equilibrium, in that the gradient is  not wholly maintained by intralysosomal 
non-diffusible anions.
I t  can be seen that the combination o f the permeability properties o f 
the lysosomal membrane, together with the intralysosomal pH and the 
lysosomal enzymes, produce a system which is  capable o f the digestion of 
a wide variety o f biopolymers to small molecules. The small digestion 
products can then escape from the lysosomes to be reused elsewhere within 
the c e ll .
1.2.5 Lysosome storage diseases
1.2.5.1. The fate o f normal lysosomes.
As digestion proceeds in  normal lysosomes, the products o f digestion
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diffuse from the organelle, so that eventually a l l  the substrates w ill 
have been removed. During the digestion, therefore, the internal 
osmolarity o f the lysosomes is  decreasing, so that water w ill  pass from 
the organelles by osmosis, leading to a loss o f turgidity o f the membrane 
o f the lysosomes. I t  has been proposed (Lloyd, 1976; Dean, 1977; Duncan 
and Prat ten, 1977) that the regression o f lysosomes may occur by the 
budding o f f  o f surplus lysosomal membrane, either inwards or outwards. 
Lysosomal involution may afford one means by which cytosol may be taken 
into the lysosomes. The addition o f cytosol proteins to the external 
face of the lysosomal membrane might then be the point at which the 
selection of proteins for turnover could take place (Lloyd, 1976; Dean, 
1977). Lysosomes that have finished digestion of substrates, but that 
s t i l l  contain some indigestible or non-permeant material, are termed 
residual bodies. Some ce ll types may be able to expel the contents o f 
such vacuoles by the mechanism of exocytosis (also termed defaecation), 
e .g . live r ce lls  (de Duve and Wattiaux, 1966), although undigestible 
dextran (Wiesmann, 1974) or sucrose (Jacques, 1968) do accumulate within 
fibroblasts and liver ce lls  respectively fo r several days, suggesting 
that, in these ce lls  at least, the residual bodies have a long lifetim e.
1.2.5.2. The concept of lysosomal storage diseases.
The lysosomal storage diseases have an important place in  any 
description o f lysosomes. The theoretical basis o f this group o f inherited 
disorders was f i r s t  rexplained by Hers (1963). Since the degradation o f  
a l l  substrates by lysosomes is  dependent on the existence of the lysosomal 
enzymes, the absence o f any enzyme must mean the inability  o f the lysosomes 
to digest one specific linkage o f some substrate (s). This w il l  result in  
the accumulation o f such undigested molecules within the lysosomes, so 
that storage o f indigestible non-permeable "substrates" eventually disrupts 
the lysosomal system. I t  should be noticed that, since several substrates
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may be digested by the same enzyme, the stored substances may, as in the 
mucopolysaccharidoses, not be homogeneous. Many lysosomal storage 
diseases have now been identified, and there is  an extensive literature  
on the subject (see e .g . Heirs and van Hoof, 1973; Desnick et a l . ,  1976).
A ll  known lysosomal storage diseases are inherited as a Mendelian recessive 
character, and are usually due to the absence of a single enzyme, but in  
multiple sulphatase deficiency, a variant o f metachromatic leukodystrophy, 
three similar sulphatases are a l l  missing. In  general, patients suffering 
from lysosomal storage diseases appear normal at birth. The development 
o f the symptoms o f the disease is  progressive, the rate depending on the 
levels o f stored materials and the major sites of storage. In several 
storage diseases, the nervous system is  severely affected, although this 
is  not a universal symptom.
1.2.5.3. Enzyme therapy o f lysosomal storage diseases.
Extracellular proteins are internalized by endocytosis, and enter the 
lysosomal system. In  cases where a lysosomal enzyme is  missing, i t  may 
therefore be possible to supply a substitute from am extracellular 
source. Several methods o f administering missing enzymes have been tried  
in different storage diseases, such experiments fa llin g  into three groups:
i )  Injection o f replacement enzyme.
A summary o f the results of human t r ia ls  o f direct enzyme-replacement 
therapy in various lysosomal storage diseases i s  contained in the review 
by Desnick et a l .  (1976). The success of this approach appears to be 
somewhat limited, depending largely on the resistance to proteolysis o f 
the injected enzyme within the affected tissues.
i i )  Entrapment o f replacement enzyme within liposomes.
The enzymes are administered within a vesicle so that the targetting to 
specific c e ll types can be accomplished without the modification o f the 
enzyme i t s e l f .  Experiments by Gregoriadis and Buckland (1973) using a
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model system have shown that liposomes containing g-fructofuranosidase 
(invertase) are capable o f removing the vacuoles of stored sucrose in mouse 
peritoneal macrophages and human embryo lung fibroblasts. Tyrrell et a l .  
(1976a) attempted to treat a patient with type I I  glycogenosis (Pompe's 
disease) by the administration of liposomes containing amyloglucosidase.
The patient died on the eighth day o f therapy, but even in this time the 
liver glycogen levels had been reduced (compared to levels in Pompe 
controls) and trace amounts o f the enzyme could be detected in  the live r  
and spleen. The main problem s t i l l  to be overcome is  that of the 
targetting o f the liposomes, so that at the present time this mode o f 
therapy is  o f limited use.
i i i )  Enzyme replacement from a llogra fts .
Histocompatible grafts o f normal ce lls  may be able to provide a continuous 
supply o f the missing enzyme over a long period o f time, and thus remove 
the need for regular treatment at shorter intervals. Dean et a l .  (1976) 
implanted histocompatible fibroblasts into a patient with Hunter syndrome 
(absence o f lysosomal sulpho-L-iduronate sulphatase). The excretion of 
Hunter corrective factor rose from 0.0 -  1.04 units per day before treatment 
to approx.3 units per day (6.7% of normal) and the pattern o f excretion of 
uronic acids and glycosamino glycans were consistent with correction o f the 
defect. A more recent paper (Dean et a l . ,  1978) has extended this study 
to include three Hunter patients. A ll  three patients had increased plasma 
levels of Hunter corrective factor compared with Hunter controls, three 
years a fter the implantation o f the fibrob lasts.
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1.3 Lysosomal metabolism of cystine residues
Lysosomes possess a system capable of digesting proteins to the level 
of amino acids, but the fate of the cystine residues in such proteins is  
unclear. A theoretical consideration o f the problem supports several 
possible routes for the fate of cystine residues in lysosomes; these are 
shown in Figure 1.1.
Three of the routes depicted in  Figure 1.1 assume that intact 
cystine cannot cross the lysosomal membrane and require the reduction o f 
cystine (molecular weight 240) to the sulphydryl form, cysleine (molecular 
weight 121) prior to it s  escape from the lysosomes. The differences 
between these routes are concerned solely with the site o f the reduction. 
Route A:
In  this scheme, the reduction occurs before the proteins enter the 
lysosomes, so that the subsequent intralysosomal proteolysis produces 
cysteine, which is  presumably able to escape from the lysosomes. An 
enzyme capable o f reducing the cystine residues in insulin by means of 
reduced glutathione (glutathione insulin transhydrogenase: GIT) has been 
found in  the microsomal fraction of rat liv e r (Ansorge et a l . ,  1973).
I t  may be that these small particles are pinosomes, and that the enzyme 
originates from the plasma membrane. The enzyme may possess the ab ility  
to reduce proteins other than insulin, so that their reduction is  complete 
prior to any contact with lysosomal enzymes.
Routes B and C;
In these schemes, the reduction occurs a fter the proteins enter the 
lysosomes, either at the protein level or a fte r digestion, at the free 
cystine leve l. I t  might be expected that any enzyme acting at this stage 
would be a "typical" lysosomal enzyme, i .e .  possess slightly  acid pH 
optimum. A recent paper (G riso lia  and Wallaces 1976) reports the 
existence o f a GIT in  rat liv e r Tritosomes. Any intralysosomal reductase
Fip-ure 1.1 The P o s s ib le  T h e o re t ic a l  F a te s  o f  th e  C v s tin e  r e s id u e s
of Proteins Entering Lysosones•
The route3 A, B, C and C are described in Section 1.3
C y to s o l
(A)
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must have a supply o f oxidizable cofactor in  order to maintain its  
operation. Such cofactors must be obtained either from outside the 
lysosome, or be already within the organelle. An extralysosomal reducing 
agent must either be able to traverse the lysosomal membrane in  the reduced 
form, or be transported in  some way. A reducing agent arising in situ  
must either be present when proteins are selected for lysosomal entrapment, 
or arise from the digestion of the lysosomal substrates.
Route D:
This route supposes that cystine i t s e l f  can cross the lysosomal membrane, 
either via a transport mechanism, or because the normal lysosomal membrane 
is  freely  permeable to cystine.
1.3.1 The possible defect in cystinosis
Clearly cystinosis is  a defect in  the normal route o f elimination o f 
cystine residues from the lysosomes. I f  the cystine residues are reduced 
prior to lysosomal entrapment (Route A),then presumably cytinosis is  the 
result o f the absence o f a non—lysosomal enzyme, perhaps one that is  
associated with the plasma membrane. This would explain why no lysosomal 
enzyme defect could be found by Tietze et a l .  (1972).
I f  lysosomal reduction o f cystine occurs, (Routes B and C) then 
cytinosis might be due to the absence o f a "typical" lysosomal enzyme.
The report o f a GIT in  lysosomes (G riso lia  and Wallace, 1976) poses the 
problem o f the means of entry o f the reducing agent. On the basis of 
present evidence (Cohn and Ehrenreich, 1969; Lloyd, 1971), i t  would seem 
doubtful that glutathione could cross the lysosomal membrane, either in 
the reduced or oxidised form, although i t  is  quite possible that 
glutathione may not be the physiological substrate. I t  may be that the 
penetration o f the reducing agent i s  controlled by a transport mechanism. 
This would satisfy  the requirement for the involvement of a protein, so 
that in  this case cystinosis would be the resu lt o f the absence o f the 
transport mechanism for the reducing agent.
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I f  cystine can escape from normal lysosomes, then cystinosis is  either 
due to the absence o f a transport mechanism for cystine, or else the 
result of the absence of a membrane protein which raises the permeability 
of the membrane so that cystine cannot diffuse from the lysosomes as i t  
would normally. I t  seems likely  that cystine may be just too large to 
escape from normal lysosomes (Cohn and Ehrenreich, 1969; Lloyd, 1971), 
although cystine it s e lf  is  fa r too insoluble to be tested by the techniques 
at present available.
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1.4 Aims o f this thesis
This thesis describes an investigation into the fate o f cystine 
residues in  lysosomes. In Chapter 3 the permeability o f the lysosomal 
membrane to some disulphide and sulphydryl-containing compounds was 
examined. Chapter 4 describes experiments with formalin-denatured
1 p r
I-labe lled  bovine serum albumin, which were carried out in order to 
evaluate a technique claimed to achieve the uptake o f substances into 
lysosomes in v itro . The subsequent Chapters describe the setting up 
and use o f a system to achieve uptake o f liposome-entrapped substances 
into rat live r lysosomes, so as to observe the rate o f escape o f substances 
from intact lysosome-enriched suspensions in v itro . Such a system would 
enable the selective introduction o f re latively  small molecules into the 
lysosomal system. Previously i t  has only been possible to follow the 
fate o f  macromolecules a fter their localization within secondary lysosomes
by endocytosis.
CHAPTER 2
Materials and Methods
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2.1 Fractionation Procedures
2.1.1 Preparation of a lysosone—enriched fraction of rat liver
In these investigations, lysosome-enriched fractions of rat liver  
have been prepared by the method o f Lloyd (1969). The fraction so 
prepared contains other ce ll particles (particularly mitochondria and 
peroxisomes) apart from lysosomes, but the preparation time (approx, lh) 
is  shorter than that o f a more rigorous purification. The lysosomes are 
thus more likely  to retain their functional integrity.
Kale 1.1 star rats weighing 250 -  350g were starved for 18h before use, 
but allowed water ad libitum. The rats were k illed  by cervical 
dislocation, and the live r quickly perfused with 20 -  30ml ice-cold 0.25M 
sucrose, and then excised, blotted dry and weighed. The liver was then 
forced through a stainless steel sieve (mesh size l.Qmn ) ,  in  order to remove 
the major vascular and connective tissues. This liv e r pulp was weighed 
and then 2.5ml/g pulp o f ice-cold 0.25M sucrose were added. The resulting 
suspension was homogenised in a Potter-Slvejhem Teflon/glass homogeniser 
(Tri-R Instruments Inc ., New York; 0.019cra clearance) at 3,000 rpm (speed 
setting 2 .7 ), forcing the tissue past the pestle three times in 30 sec. 
j ce_cold 0.25'. sucrose was then added to give a 10% (pulp wt/volume) 
suspension o f the live r homogenate.
A two stage centrifugation scheme was employed in order to minimize 
the mechanical disruption of the lysosomes during the preparation. The 
homogenate was centrifuged at 3,300g x lOnin (K3E 18, Rotor no. 43114-106) 
and this supernatant centrifuged at 21,000g x 10 min in the same 
centrifuge. hiring the whole o f  the isolation procedure the homogenate 
and fractions were kept on ice , and the centrifugations were at 4°C.
The fraction tliat sedimented at the higher speed was resuspended in a 0.2511 
solution by gently forcing the pellet ( s t i l l  in the centrifuge tube) once 
past a pestle rotating at l,500rpm (Tri-R , speed setting 1 .7 ).
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This lysosome-enriched fraction was always used immediately after 
preparation. Some slight variations to this general method were introduced 
in some o f the experiments. In  the experiments of Chapter 3, 0.25M 
mannitol replaced sucrose as the homogenising medium, and in Chapter 9 
the preparation was carried out using 0.3M sucrose containing 5mM MOPS, 
pH7.4, and 5mM EGTA as the homogenising medium.
2.1.2 Subcellular fractionation o f rat liver  
The d ifferentia l subcellular fractionation scheme employed is  
described fu lly  in Section 5.2.1.
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Following experiments in which the quantities and concentrations
of various substances were adjusted (Chapter 6) ,  the following method
was adopted for the preparation o f negatively charged liposomes.
Dipalmitoylphosphatidylcholine (DPPC, 9mg) and dipalmitoylphosphatidic
acid ( DPPA, lmg), supplied by Sigma, Poole, Dorset, were suspended in 5ml
"Aristar" grade chloroform (DDH Ltd., Poole, Dorset) in a 100ml pear-
shaped " Quickfit" flask  under nitrogen. (These lip ids gave single spots
on thin layer chromatograms when lOOyg was applied, solvent CHC1 : CH OH :o o
HH : H20, 65 : 30 : 4 : 1 ). The suspension was evaporated in vacuo at 
61°C using a Buchi rotary evaporator, to yield a thin film o f lip id  on 
the wall o f the flask . The liposomes were formed by adding 1ml 5mM 
phosphate-buffered saline (see below) and resuspending the film by 
intermittent vortex mixing, maintaining the flask  at 61°C. Substances to 
be entrapped were dissolved in the saline. The liposomes were le ft  at 
room temperature (21°C) fo r lh and then purified by centrifugation.
Three centrifugation steps were employed, each 50,000g x lOmin (MSE 
50 centrifuge, rotor no. 59113, 21°C). Following each centrifuration, 
the supernatant was decanted, and the pellet o f liposomes resuspended in  
2ml 5nM phosphate-buffered saline, except that in  some cases the fin a l 
pellet was resuspended to a smaller fin a l volume.
positively charged liposomes were prepared by replacing DPPA by 
octadecylamine ( stearylamine) (Koch-Light, Colnbrook, Bucks.) in the 
method.
phosphate-buffered saline, pH7.4, (5mM) was prepared from 16g KaCl, 
1.15g I!a2P04 .12H20, 0.2g KH2P04 and 0.2g KC1 in water, adjusted to pH7.4 
with NaOH and made up to 2,000ml. The substances to be entrapped were 
used at the following concentrations; -labe lled  PVP, 500yg/ml;
[ U-14Cl sucrose, 500ug/ml; [  35S] cystine dihydrochloride, lOO^ jg/ml in
3567mM KaCl, or 150ug/ml in 0.1M HC1. The [ S] cystine dihydrochloride
2 ,2  The p r e p a ra t io n  o f  la r g e  m u lt i la m e l la r  liposom es
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at 150Vfe/ml was used only in Chapter 6.
This method o f preparation was employed for the liposomes used in  
Chapters 7-9, although the quantities used were increased by two to four 
times. The methods used for ascertaining the stab ility  and other 
properties of the liposomes are described in Chapter 6.
22
2.3 Enzyme assays
2 .3.1 p-Nitrophenyl-N-acetyl-e-D-glucosaminidase
The assay method used was essentially that o f Barrett and Heath (1977) in  
which the ab ility  o f N-acetyl-&-D-glucosaminidase to liberate p-nitrophenol 
from the p-nitrophenyl glycoside is  measured spectrophotometrically. The 
substrate (p—nitropheny 1-2-acetami do-2-deoxy-(3-D-glucopyranoside, Koch- 
Light, Colnbrook, Bucks.) was dissolved in l50mM acetate buffer, pH5.0, 
to a concentration o f l 5mM. To 0.3ml o f this substrate solution in a 
centrifuge tube was added 0.3ml 0.5M sucrose containing 0.3% v/v Triton 
X-100. To in itia te  the assay, 0.3ml o f enzyme preparation was added, 
and the mixture incubated at 37°C for 5min. In  experiments where the 
enzyme preparation was not suspended in sucrose, 0.75M sucrose containing 
0.3% v/v Triton X-100 replaced the second solution.
To terminate the assay, 1ml 8% v/v trichloroacetic acid was added, 
and the tube was then centrifuged in an MSE Minor bench centrifuge for 
10 min at 3 ,000rpm. The supernatant (1ml) was added to 2ml 0.3M glycine, 
buffered to pH10.5 with NaOH. The resulting yellow colour o f p - 
nitrophenol was measured using a Cecil CE 373 Spectrophotometer (Cecil 
Instruments Ltd., Cambridge) set to 400nm. The free activity o f the 
enzyme was measured by omitting the Triton X-100 from the assay.
Appropriate blanks were always measured.
Some modifications to this assay were made during the course o f the 
work described in this thesis. In  Chapter 3, the assay was carried out 
at  25°C, necessitating the use o f an incubation time o f l&nin.
Throughout these experiments mannitol replaced sucrose. In Chapter 4, 
the assay was carried out as described, but, in the later experiments 
(Section 4.3.2 onwards) the incubation time was increased to lOmin at 
37°C due to the alteration in  the pH of the assay (noted in Section
4.2.2)
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2.3.2 4-Methylumbelliferyl-N-acetyl-g-D-glucosantinidase
The flw rim etric  assay o f N-acetyl-g-D-glucosaminidase is  similar in  
principle to the spectrophotometric assay o f 2.3.1. In this case, the 
product o f the hydrolysis i s  4-methylumbelliferone, which fluoresces 
strongly at 450nm when excited by light o f 350nm wavelength The substrate 
( 4-methylumbelliferyl-2—acetamido—2—deoxy-B—D—glucopyranoside, Koch-Light 
Ltd., CoInbrook, Bucks.), 9.5mg, was dissolved in 5ml 150mM acetate buffer, 
pH5.0. To 25U1 o f the substrate solution was added 25m1 0.5M sucrose 
containing 0.3% v/v Triton X-100 and 25m1 o f the enzyme preparation. After 
5min incubation at 25?C, the reaction was stopped by the addition o f 2ml 
0.3M glycine, buffered to pH10.5 with NaOH. The fluorescence o f this 
solution was measured on a Perkin-Elmer 1000 Fluorescence Spectrophotometer 
using an excitation wavelength o f 350nm and an emission wavelength o f 450nm.
Where the enzyme preparation was not suspended in  sucrose, the 0.5M 
sucrose was replaced by 0.75M sucrose. The free enzyme activity was 
■seeaired by omitting the Triton X-100. Preliminary experiments indicated 
that the Triton X-100 did not interfere with the assay, but appropriate 
blanks were always measured.
2.3.3 Arylsulphatase
Arylsulphatases A and B are both located within the lysosomes, 
whereas arylsulphatase C is  a microsomal enzyme (Austin, 1973). The 
assay used measures both the A and B form of the enzyme, but there is  
probably l i t t le  interference by arylsulphatase C because i t  i s  most 
active at a higher pH.
A solution o f l 5mM nitrocatechol sulphate (Koch-Light, CoInbrook, 
Bucks.) in 150mM acetate buffer, pH5.0 was prepared, and 0.3ml was added 
to 0.3ml 0.5M sucrose containing 0.3% v/v Triton X-100. This mixture 
was incubated with 0.3ml enzyme preparation at 37°C for 5 min. To 
terminate the assay, 2.7ml 0.2M NaOH was added. The absorbance o f the 
nitrocatechol in  this solution was then measured at 540nm using a Cecil
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CE 373 Spectrophotometer. The free enzyme activity was measured by 
omitting the Triton X-100 from the assay.
In Chapter 9, the assay was modified so that the incubation was 15min 
at 25°C. Where the enzyme preparations were not suspended in sucrose, 
the O.S'I sucrose containing 0.3% v/v Triton X-100 was replaced by 0.734 
sucrose containing 0.3% v/v Triton X-100.
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Protein was estimated, by the method of Lowry et a l .  (1951). To 
0.5ml diluted protein sample v/as added 0.5ml 1M NaOH, and the resulting 
mixture allowed to stand at room temperature for 30min to enable 
solubilization o f the protein to take place. Folin A solution (5.0ml) 
was then added with mixing, and after another 20min, 0.5ml 50% v/v Folin 
Ciocalteau reagent (B.D.H. Ltd., Poole, Dorset.) was added and immediately 
mixed. The colour was allowed to develop for 45min at room temperature, 
and was then measured spectrophotometrically at 750nm using a Cecil CE 
373. Bovine serum albumin (Sigma, Poole, Dorset.) was used as a 
reference protein to construct a standard curve of 0-500ug/ml each time 
the assay was used.
Folin A solution was prepared from 2% w/v anhydrous sodium carbonate 
(100ml), 1% w/v copper ( I I )  sulphate pentahydrate (lm l) and 2% w/v 
sodium tartrate (lm l), freshly made up from stock solutions before use.
In Chapter 5, reference is  made to a series o f experiments in  which 
the protein material o f the samples is  precipitated with acid in  order to 
remove traces of EDTA. In these experiments 0.1ml protein-containing 
sample was mixed with 0 .1ml o f 10% w/v sodium tungstate solution and 
0.1ml 1.3M H^SO^. After centrifugation at 3,000rpm for 5min in a USE 
Minor bench centrifuge, the supernatant was removed, and the pellet  
resuspended in 5ml Folin A solution. A fter lOnin at room temperature, 
0.5ml Folin Ciocalteau reagent was added end immediately mixed. The 
colour was allowed to develop over the next 25min and measured 
spectrophotometrically at 750nm as described above.
2 .4  E s t im a t io n  o f  p r o t e in
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This was performed using the method o f Zahler and Cleland (1963), 
based on the spectrophotometric estimation o f complexes formed by the 
reaction o f monothiols with 5 ,5 '-d ith io b is ( 2-nitrobenzoic acid ), (DTNB).
The solution under examination ( 0.1ml) was added to a mixture of 
0.2ml 1.0M Iris buffer, pK8.1, 0.1ml 3mil DTNB, in 50mM acetate buffer, 
pH5.0, and 2.6ml water. Development of the colour was complete after 
lOmin incubation at room temperature, and the absorbance o f the solution 
at 412nm was measured using a Cecil CE 373 Spectrophotometer. The 
relationship o f eysteine concentration to absorbance at 4l2nm was linear 
over the range 0-4mM.
2 .5  E s t im a t io n  o f  c y s te in e
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1252.6.1 I-Radioactivity
125The activity of samples containing I-radioactivity was measured
using a Packard Selektronic Gamma Scintillation Counter (Packard 
Instrument Co, Inc ., I l l in o is , USA). Counting times were in the range 
30-300sec, using a discriminator level o f 66, channel width o f 210, high 
voltage of 1160V and a gain o f xlO. The samples were contained in 
disposable 3ml plastic tubes, usually in a volume of 1ml. I f  the volume 
of the sample was not 1ml, a correction factor was calculated and applied 
toitake into account the alteration o f geometry.
142 .6.2 C-Radioactivity
14C-Radioactive samples were measured using a Packard 2425 Liquid
Scintillation Counter u tilis in g  the preset fa c ility  o f this machine.
Samples (volume 1ml) were counted in a scintillant of 6.7ml toluene
(sc in tilla tion  grade, B.D.H. Ltd., Poole, Dorset.) and 3.3ml Triton X-100
( Bohm and Haas, U.K. L td .), containing 6g/l t-butyl PBD (Koch-Light Ltd.,
Colnbrook, Bucks). Following the f i r s t  duplicate counting o f between 5
14and 20min, the samples were spiked with 5Cu 1 [U- C ]sucrose and 
recounted for 2min. In this way a correction for the degree o f quenching 
could be applied.
352*6.3 S-Radioactivity
35Samples containing S-radioactivity were counted on the Packard 
2425 in , the above scin tillation  cocktail. In a preliminary 
experiment the optimum settings for the machine were found to be 50 for 
the lower discriminator, 1000 for the upper discriminator with a gain 
setting o f 19.0%. Quenching was corrected as for ^4C-radioactivity 
(above).
2 .6  E s t im a t io n  o f  r a d io is o to p e s
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2.7 Intravenous injections
Male rats weighing 250 — 350g were used in these experiments.
Under light ether anaesthesia the rat was placed on its  back and a small 
incision approx. 1.5cm in length was made in  it s  le ft  groin. The le ft  
femoral vein was carefully exposed by removal o f the surrounding tissue 
and the area swabbed gently to remove any blood. The substance (usually  
in a volume of less than 0.5ml) was taken into a disposable syringe fitted  
with a 25 gauge needle, and injected into the vein. A swab was held over 
the area to staunch any bleeding. The incision was sutured and the 
animal allowed to recover.
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2.8 Collection and analysis o f blood from injected rats
Rats injected as described in Section 2,7 were held under ether 
anaesthesia when the collection o f blood samples was undertaken. A 
small incision was made in the right foot pad and a sample of blood 
collected in a 50yl heparinised tube (Hawkesley and Son Ltd., Lancing, 
Sussex.). Bleeding was quenched by a small tourniquet. Further 
samples were taken by temporarily loosening the tourniquet.
2.8.1 Blood containing ^^ [-rad ioactiv ity
The 50pl samples were placed in 2ml 1M NaOH and le ft  at room 
temperature for 2h. This solution was divided into two equal portions 
and counted as described in Section 2.6.1.
2.8.2 Blood containing ^C -radioactivity
The 50yl samples were suspended in 1ml 0.25H NaOH and sonicated for 
2h in  a Kerry bath-type sonicator (Kerry Ultrasonics L td .). After th is , 
lml 0.25M HNOg was added, and two equal portions were counted for  
14C-radioactivity as described in  Section 2,6.2.
352.8.3 Blood containing S-radioactivity
After taking the 50pl samples, they were placed in 2ml water. This 
suspension was divided into two equal quantities and counted as described 
in Section 2.6.3. The estimated radioactivity was multiplied by a 
correction factor o f 2.48. Several methods o f counting were tried , but 
this method gave the best measurable radioactivity.
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2.9 Counting o f radioactive tissue samples
2.9.1 Tissues containing 125I-:■radioactivity
Tissues containing 125I -radioactivity were weighed and a portion o f 
known weight was added to a quantity o f B1 NaOH in a flask . After 
solubilization o f the protein (2 -  3h at 37°C) the volume of liquid was 
measured, and duplicate lral samples taken for estimation of -rad io - 
activity as described in Section 2.6.1. The ^^1 -radioactivity o f liver  
fractions was estimated by counting 1ml of the resuspended subcellular 
fraction.
142.9.2 Tissues containing C-radioactivity 
14Tissue C-radioactivity was estimated by taking 0.5g from the 
weighed tissue and adding 2ml 0.251-1 NaOH, After 2h sonication (see 
2 .8 .2 ), 2ml 0.25M HNO^  was added, and the volume was made up to 5ml with 
water. Duplicate 1ml samples were then counted (see 2 .6 .2 ). Liver 
fractions were counted in a similar way, using 1ml of suspension in  
place of 0.5g tissue, and omitting the water.
352.9.3 Tissues containing S-radioactivity
35Tissue levels of S-radioactivity were estimated using the method 
described in Section 2.9.2, and counting as in 2.6.3.
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2.10 Source o f radioisotopes
A ll substances containing radioisotopes were purchased from The
Radiochemical Centre, Amersham, U.K., except for formalin-denatured
125I-labe lled  bovine serum albumin (see below), which was prepared using
iodine-125. The specifications for the products were as follows:
[ ^25I]lodinated ' fpoly(vinylpyrrolidone), product number 1M.33P. Sterile
aqueous solution containing 1% benzyl alcohol. 125UCi/ml;
20 -  60yCi/mg PVP. 
r 14 1[ U- CJSucrose •» product number CFB.146. Sterile aqueous solution
containing 3% ethanol. 350mGL/mmol.
35, L-{ S]Cystine • hydrochloride, product number SJ.138. Sterile solution 
in  0.1M HC1. 206mCi/mmol; 897mCi/ml.
Iodine*125, product number IMS.30. Supplied as iodide in ste rile  NaOH 
solution, pH8 -  11. 100mCi/ml. This preparation was used to 
iodinate bovine serum albumin (Sigma, Poole, Dorset. Lyophilized 
and crystallized) by the method o f Williams et a l .  (1971).
CHAPTER 3
The permeability o f rat liv e r  lysosomes to 
some sulphydryl compounds
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3.1 Introduction
s.
As explained in  Section 1.2.2.1, the permeability properties o f the 
lysosomal membrane can be inferred from studies on the ab ility  o f  
substances to afford osmotic protection to isolated intact lysosomes.
I t  would obviously be o f interest to carry out experiments o f this type 
using cystine, to find out whether the lysosomal membrane was permeable 
to this amino acid. However, cystine i t s e l f  is  too insoluble to be used 
in  this way, and so the ab ility  of some similar substances to give osmotic 
protection to lysosome-enriched suspensions has been examined, in  an 
attempt to gather information which might aid in  determining the fate o f  
cystine residues in  lysosomes.
There are two ways in which the stab ility  of lysosomes in suspension 
can be followed by measuring the activ ities o f lysosomal enzymes. In  
both the non-latent enzyme activity is  compared with the total lysosomal 
enzyme activity, which is  usually measured by assaying the enzyme in  the 
presence o f the non-ionic detergent, Triton X-100.
The f ir s t  method measures the "free  activity" o f a lysosomal enzyme, 
that is  the proportion o f the enzyme that has access to the substrate.
The enzyme is  measured under conditions that maintain the integrity o f the 
lysosomes in  the suspension, usually by assaying in  0.25M sucrose. I f  
the lysosomes were wholly intact, there would be no interaction between 
substrate and enzyme and, conversely, i f  a l l  the lysosomes were broken, 
the free activity should equal the total activity , (the activity measured 
in the presence o f Triton X-100). The "non-sedimentable activ ity ", on 
the other hand is  measured quite d ifferently . To determine the degree of 
lysosome breakage, a sample o f the suspension is  centrifuged at high speed, 
and the enzyme activity o f  the supernatant is  compared to the total enzyme 
activity measured in  the presence o f Triton X-100.
The non-sedimentable activity may not equal the free activity o f the
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enzyme, for several reasons. F irst, enzymes inside partia lly  disrupted 
lysosomes may contribute to the free activ ity , but would not be in the 
supernatant, and therefore not be included in  the non-sedimentable activity. 
Secondly, any binding o f released enzyme to the lysosomal membrane would 
decrease the measured non-sedimentable activity. For instance, the non­
sedimentable activity o f arylsulphatase is  similar to it s  free activity  
(see Figure 9.1) under conditions where the non-sedimentable activity o f  
N-acetyl-B-D-glucosaminidase is  barely measureable (resu lts not shown) 
even though the percentage free activ ities are the same.
F inally , the speed of the centrifugation w ill affect the non­
sedimentable activ ity , as, for example, occurred in  the experiments 
described in Chapter 9 (c . f .  Figures 9.1 and 9 .3 ).
The percentage free lysosomal enzyme activity is  probably the more 
appropriate as an estimate of the degree of lysosome damage, while the 
percentage non-sedimentable activity  is  better envisaged as a measure of 
the degree o f dissociation o f the enzyme from the lysosomes.
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3.2 Experimental procedures
The experiments were performed using a lysosome-enriched fraction o f 
rat liv e r, prepared as previously described in Section 2.1.1. The fin a l 
pellet, derived from one quarter o f the rat liv e r, was resuspended in an 
ice-cold 0.25M (isotonic) solution o f the substance to be tested ( 5ml/g 
o f in it ia l  tissue pulp). The suspension was adjusted to pH5.0, 6.0 or 
7.4, using either NaOH or HC1. This avoided the use o f a buffer 
solution, which would have increased the osmolarity o f the suspension, and 
thus increased the osmotic protection given to the lysosomes. These 
suspensions were then incubated in a water bath at 25°C for 2h.
The f i r s t  series o f experiments utilized  10 -  15ml lysosome-enriched 
suspension for each experiment at any one pH. At various time intervals 
the activity o f p-nitrophenyl-N-acetyl-B-D-glucosaminidase was determined 
in  the absence (free  activ ity ) and presence (to ta l activity ) o f Triton X-100, 
as described in 2.3.1. The duration o f these assays was 15min, and the 
assay temperature 25°C.
In order to carry out experiments with more expensive solutes 
(cysteamine, cystamine), the assays were scaled down so that less material 
was required. In preparing the lysosome-enriched fraction, suspension 
equivalent to only lg  in it ia l liv e r pulp was placed in each tube f o r  the 
second centrifugation. One pellet was used for each experiment, and after 
i t  was resuspended in 5.0ml of the test substance, the suspensions were 
divided into three 1.5ml lots in separate tubes, and adjusted to pH as 
described above. A fluorometric substrate, 4-methylumbelliferyl-2- 
acetamido-2-deoxy-g-D-glucopyranoside (molecular weight 379) was used to 
assay N-acetyl-6-D-glucosaminidase, as described in  Section 2.3.2. The 
0.25M solutions o f cysteamine hydrochloride were kept under nitrogen to 
minimise the possible oxidation to cystamine. No significant oxidation 
of any of the other substances was envisaged.
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3.3 Permeability o f rat liver lysosomes to the tested compounds
The percentage of free activities o f N-acetyl-B-D-glucosaminidase 
observed in  0.25M solutions o f the tested compounds over 2h incubation 
at 25°C are shown in  Tables 3.1 and 3.2.
Clearly, suspension in  mannitol leads to relatively  l i t t le  increase 
in the percentage free enzyme activity during the course o f the incubations, 
confirming the observations of Lloyd (1969) that i t  is  unable to penetrate 
the lysosomal membrane, despite it s  low molecular weight. This has been 
attributed to the in ab ility  of mannitol to adopt a pyranose form (Lloyd, 
1969). In  contrast with the statement of Lloyd (1971), the degree o f 
osmotic protection afforded by mannitol at 25°C was affected by the pH of 
the suspension.
Glucose and L-glycyl-L-glycine did not afford osmotic protection to 
the lysosome-enriched suspension, implying that both could rapidly penetrate 
the membrane, in agreement with earlie r reports (Lloyd, 1969, 1971; Cohn 
and Ehrenreich, 1969). I t  has been postulated (Lloyd, 1971) that 
glycylglycine is  able to cross the lysosomal membrane when the positive 
and negatively charged regions o f the molecule are adjacent. This cis 
rotamer is  less polar than other possible configurations.
Cysteine and serine have nearly identical structures, the only 
difference being that the hydroxyl group in serine is  replaced by a 
sulphydryl group in cysteine. The difference causes the properties o f  
the two to d iffe r  in two ways. F irst, the pK of an aliphatic hydroxyl 
group is  approx. 16, which is  5-7 units greater than that o f a sulphydryl 
group. This means that, although the proton o f the hydroxyl o f serine is  
essentially immovable, the sulphydryl proton o f cysteine plays an important 
part in  the ionization o f the molecule, particularly at high pH vàlues. 
Secondly, unlike the serine hydroxyl group, the sulphydryl o f cysteine is  
capable o f oxidation to a disulphide, forming insoluble cystine.
activity o f lysosome-enriched suspensions in 0.25M solutions 
of some compounds following incubation at 25°C
The lysosome-enriched pellet (see Section 2.1.1) derived from 
one quarter o f the rat liv e r pulp was resuspended in  an ic e -  
cold 0.25M solution o f the test substance (5ml/g in it ia l  liver  
pulp). The suspension was adjusted to the pH shown with NaOH 
or HC1, and then incubated at 25°C. At the times shown, the 
p-nitrophenyl-N-acetyl-3-D-glucosaminidase activity was 
measured in the absence (free  activ ity ) and presence (to ta l 
activity ) o f 0.1% v/v Triton X-100, as described in Section 
2.3.1, and the percentage free activity calculated, 
data shown are the mean -  S.E.M.
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After 120 min. incubation at 25°C, serine caused 40-60% release o f 
free activ ity , lower than any other permeant solute tested. These figures 
are in line with those for glycine, alanine and valine (Lloyd, 1971).
At a l l  three pH values, cysteine penetrates the lysosomal membrane more
rapidly than serine. The most rapid increase in the free activity occurs 
at pH5.0.
I f  the cysteine was oxidised during the course o f the experiments, 
then the external osmolarity would drop, and the compensating in flux of 
water might cause rupture of the lysosomes. However, at 25°C, 0.25M 
cysteine appears to be stable (95 -98%) at a l l  three pH values for two 
hours, measured by assaying fo r sulphydryl by the method of Zahler and 
Cleland (1968) which is  described in  Section 2.5. I t  i s  therefore unlikely 
that oxidation o f cysteine to cystine is  the major cause o f the observed 
rise  in  free enzyme activ ity .
At a l l  three pH values used the major form of cysteine is  the 
zwitterion (Friedman, 1973), below le ft ,  which is  the most abundant form at
pH5.0, and is  less abundant at pH6.0 and 7.4. I t  can be stabilised in  
solution by adopting a ring structure, as shown above right, which is  likely  
to be more stable than the corresponding structure in  serine, considering 
the high p»a o f the hydroxyl group. I t  is  possible that this smaller, 
less polar structure is  able to penetrate the lysosomal membrane more easily . 
Mercaptoethanol causes immediate and complete loss o f  lysosomal
enzyme latency, implying a rapid penetration and disruption o f the lysosomal 
membrane. Since mercaptoethanol is  a potent reducing agent, i t  seems
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likely  that chemical breakdown o f the membrane may occur. The substrate 
blanks o f the enzyme assay were normal, showing that there was no 
significant action o f mercaptoethanol upon the enzyme assay. A similar 
effect may have been observed by Davidson (1975a), who stated that 
mercaptoethanol 0.05M inhibited the digestion o f "^^1-labelled  
ribonuclease at 37°C by mouse kidney lysosomes in v itro .
In  the second series o f experiments, cystamine (NH^CHgCH^SSCHgCH^NH )^, 
as i t s  dihydrochloride, exhibited strongly pH-dependent behaviour in its  
ab ility  to preserve lysosomal integrity (Table 3 .2 ). At pH5.0 and pH6.0 
cystamine did not permeate the membrane of the lysosomes, and was in  fact 
better than mannitol for preserving lysosomal integrity, as judged by 
these studies. At pH7.4 the percentage free activity rose quickly, in a 
similar manner to that occurring in  glucose solutions. The two positively  
charged amino groups probably play an important role in the pH-dependent 
permeability o f cystamine. The amino groups probably lose their protons 
at around pH8, and the lower polarity o f the molecule at higher pH values 
may therefore account for the faster permeability o f cystamine through the 
lysosomal membrane at pH7.4. Lloyd (1971) has shown that chloride ions 
above 0.1M act as osmotic protectors in  this experimental system, and thus 
the rise  in percentage free enzyme activity obtained in  with cystamine is  
unlikely to be due to chloride ion penetration.
Cysteamine, the reduced form of cystamine, used as it s  hydrochloride, 
caused as increase in  the free enzyme activity  at a l l  three pH values, 
although at pH6.0 the increase plateaued a fter 60-9Omin. incubation.
Since the molecular weight o f cysteamine is  88, i t  is  probably small enough 
to enter the lysosomes. I t  i s  d ifficu lt  to find a cause for the slower 
rate of penetration at pH6.0.
glucosaminidase activity o f lysosome-enriched suspensions 
in 0.25M solutions o f cystamine dihydrochloride and cysteamine 
hydrochloride at 25°C
The lysosome-enriched pellet (see Section 2.1.1) derived from 
lg  in it ia l liv e r pulp was resuspended in  5.0ml ice-cold 0.2511 
cystamine dihydrochloride or cysteamine hydrochloride. This 
suspension was divided into three 1.5ml lots, which were 
separately adjusted to the required pH using NaOH or HC1, and 
then incubated at 25°C. At the times shown, the 
4-methylumbelliferyl-N-acetyl-3-D-glucosaminidase activity  
was measured in the absence (free  activity ) and presence 
(to ta l activity ) of 0.1% v/v Triton X-100 (see 2 .3 .2 ), and 
the percentage free activity calculated, 
the mean i  S.E.M.
T a b le  3 «2  P e rc en tage  f r e e  4 -m e t h y lu m b e l l i f e r y l -N -a c e t y l -g -D -
The data shown are
Medium pH
No.
Expts.
Incubation time at 25°Z. (min.)
0 30 60 90 120
Cystamine 
di HC1
5.0
6.0 
7.4
3
3
3
12.1 t  1.2
11.2 t  1.4
11.6 i  1.0
15.6 -  1.4 
14.3 Î  0.9 
26.2 t  4.4
17.0 i  2.4
15.7 t  1.3
47.8 t  5.8
19.4 Î  1.5 
18.8 Î  0.4 
64.1 -  3.3
20.9 t  1.8 
21.0 t  2.5
74.9 Î  1.1
5.0 3 15.4 -  4.2 48.8 -  7.9 66.4 t  2.3 76.1 i  3.8 77.8 t  0.6
Cysteamine
6.0 3 15.5 -  1.7 22.4 -  0.6 43.4 -  3.4 52.9 -  3.3 48.4 -  4.2
HC1 7.4 3 20.9 t  4.5 54.0 i  7*6 51.2 t  1.4 60.9 t  5.0 86.7 tl0 .7
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3.4 Discussion
Cystine i t s e l f  is  unfortunately much too insoluble to be tested by 
the method used in  this Chapter, but i t  would be a useful exercise to extend 
the present study to include other disulphides o f a similar molecular 
weight. Schulman and Bradley (1970) examined a series o f disulphides in  
experiments similar to those o f Cohn and coworkers (e .g . Ehrenreich and 
Cohn, 1969) using cystinotic and normal fibroblasts. The rationale of 
this technique has already been discussed in  Section 1.2.2.1, Schulman
and Bradley (1970) found that a l l  the isomeric penicillamine-cysteine 
mixed disulphides (molecular weight 268) and penicillamine disulphides 
caused vacuolation in cystinotic c e lls , but that only the D- and L-penici11- 
amine disulphides (molecular wieght 296) vacuolated the normal fibroblasts. 
The lysosomes o f normal fibroblasts were presumed to be capable o f either 
the transport or the digestion o f the mixed disulphides, but not o f 
penicillamine disulphide.
A similar study using the osmotic protection technique would provide 
valuable data. D-penicillamine disulphide was obtained from Aldrich 
Chemical Co., Milwaukee, V!is. (product P110-1), but was found not to be 
soluble to 0.25M, so that experiments could not be carried out using this 
compound. I t  may however, be possible to carry out these experiments 
using, say, 0.1M sucrose with 0.15M D-penicillamine to obtain useful 
data, providing adequate control experiments are performed.
CHAPTER 4
Investigation o f a method fo r  the introduction 
o f a protein into intact lysosomes in  vitro
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4.1 Introduction
In 1973, Natori and coworkers published a paper (Hayashi et a l . .
1973), in  which they showed an apparent enhancement by ATP o f the rate o f 
appearance o f degradation products when proteins were incubated in  the 
presence o f intact rat liv e r  lysosomes. They claimed that this e ffect  
was due to an activation o f the transport o f the protein substrate into 
the lysosomes• I t  occurred to us that, i f  this were the case, the 
property might be usefully exploited to prepare lysosomes loaded with a 
particular substance, thus permitting an investigation o f the release 
o f substances from intact lysosomes. A fter Mloading" o f the organelles, 
excess substrate could be removed by centrifugation, and the release o f  
the substrate or degradation products back into fresh medium could be 
observed.
The technique used by Hayashi et a l .  (1973) has been investigated in  
order to ascertain the valid ity  o f the claims (Hayashi et a l . ,  1973;
Natori, 1975) that ATP can promote the transport o f a substrate into 
lysosomes. In  th is study, 1 2 -labe lled , formalin-denatured bovine serum 
albumin (Williams et a l . ,  1971) was used as substrate, since i t  was readily  
available in  the laboratory. I f  the labelled dBSA was taken up by
intact lysosomes, then the radiolabel would in it ia lly  become sedimentable 
with the lysosomes. Subsequent digestion o f the 125I-la b e lled  dBSA by 
the lysosomal proteases would lead to the appearance o f acid-soluble 
radioactivity.
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4.2 Experimental procedures
4.2.1 Measurement of lysosomal stab ility  at various pH values
A series o f experiments were carried out in order to establish the 
optimum pH fo r lysosome stab ility . A lysosome-enriched fraction from 
approx. 7.5g liv e r pulp, prepared as in Section 2.1.1, was resuspended in 
20ml ice-cold 0.25M sucrose or mannitol. A sample o f this suspension (2ml) 
was diluted with a mixture o f 2ml 0.5M sucrose (or mannitol as appropriate) 
and 2ral 0.06M tr is  (adjusted to various pH values with c itric  a c id ), to give 
a fin a l concentration o f 0.25M sucrose (or mannitol) with 0.02M t r is .  The 
suspensions were incubated for 60min at 37°C, and then assayed for free and 
total N-acetyl-g—D-glucosaminidase activity for 5min at 37°C (see Section 
2.3 .1 ).
4.2.2 Measurement o f the effect of ATP and MgClp on the degradation
125.........
o f I-labe lled  dBSA added to lysosome-enriched suspensions
A lysosome-enriched fraction of rat liver was prepared as described in 
Section 2.1.1 and the pellet derived from approx. 7.5g live r pulp was resus­
pended in  20ml ice-cold 0.25M sucrose. Aliquots o f this suspension were 
diluted to one-third concentration with other ice-cold solutions to yield the 
fin a l suspensions (see below for details) to which ^ ^ 1 -labe lled  dBSA (2pg/ml) 
was added.
The lysosome-enriched suspensions with various additions were incubated 
at  37°C unless otherwise stated. The fate o f ^^1 -labe lled  dBSA was followed 
by withdrawing duplicate 1ml samples 0, 30 and 60min after the start o f the 
incubation. These were assayed for sedimentable and trichloroacetic acid- 
soluble radioactivity as described below. After 60min incubation, i . e .  at 
the end o f the experiment, the free and total N-acetyl-g-D-glucosaminidase 
activities were measured. The percentage free enzyme activity was estimated 
at the beginning o f every experiment to ensure that the lysosomes in  the 
preparations were in it ia lly  intact. The free enzyme activity was measured in  
preference to the non-sedimentable activity , since this gave a more rea lis t ic
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estimate o f the degree of lysosomal disruption (see Section 3 .1 ).
The duplicate samples taken for radioactivity analysis were treated 
as shown in  Figure 4.1, and counted as described in  Section 2.6.1. An 
appropriate correction for geometry (shown in Figure 4.1) was made where 
the volume counted was not 1ml. I f  no binding of ^^1 -labe lled  dBSA to 
the tubes occurred, the sedimentable radioactivity would represent 
material that was either within the lysosomes or bound to lysosomal 
membranes. The trichloroacetic acid-soluble radioactivity recorded is  
due to any degradation o f -labe lled  dBSA that occurs, although a small 
amount o f  acid-soluble radioactivity (1-2% of the total radioactivity) is  
due to residual free [ 2 2 iodide.
N-Acetyl-3-D-glucosaminidase was assayed essentially as described 
in Section 2.3.1 with the exception of the 0.05M acetate buffer, pH 5.0, 
which was replaced by either 0.02M t r is ,  adjusted to pH 6.0 with c itric  
acid, or 0.02M phosphate buffer, pH 6.0, as appropriate. The enzyme 
and substrate were incubated fo r lOmin at 37°C.
Centrifugation and radioactivity counting scheme employed, 
using duplicate 1 ml samples o f the lysosome-enriched 
suspension following incubation at 37°C with 2yig/ml 
-labe lled  dBSA
Duplicate 1 ml samples 
of suspension
4.3 Results
4.3.1 The pH-dependence o f lysosome stab ility  at 37°C
Figure 4.2 shows the results o f the experiments in  which lysosome- 
enrlched fractions were incubated at 37°C fo r  lh at a range o f pH values. 
At the end o f the incubation, the free and tota l N-acetyl-g-D-gluco- 
saminidase activ ities were measured. jincubation in  0.25M sucrose and 
in  0.25M mannitol gave rise  to sim ilarly shaped curves o f percentage free 
enzyme activity against pH. The minimum percentage free activ ities  
occurred a fte r incubation at pH values between 5.5 and 6.5, presumably 
indicating that the lysosomes were most stable at these pH values. The 
recorded percentage free activ ities were always much lower when the 
incubation was in  0.25M sucrose, compared with 0.25M mannitol. In  order 
to afford  greater protection to the lysosome-enriched suspensions in  
future studies, subsequent experiments were carried out at pH 6.0 in  0.25M 
sucrose.
4.3.2 The effect o f ATP and MgCL, on the degradation o f I2SI -  
labelled dBSA added to lysosome—enriched suspensions«
( i )  t r is  buffers
In the f i r s t  series o f  experiments, the lyso so me-enri che d
suspensions were incubated in  a medium containing 0.25M sucrose and 0.02M
tr is ,  adjusted with c itr ic  acid to pH 6.0. In  this solution there is  no
significant conversion o f -labe lled  dBSA (2yg/m 1) into either a
sedimentable or an acid-soluble form, at 37°C or at 4°C (see Table 4 i,l).
Also, there appears to be no disruption o f  lysosome stab ility , as judged
by percentage free enzyme activ ity . When 3.3mM ATP and 3.3mM MgCl^ are
present in  the solution, there is  a steady increase in  the sedimentable 
«
radioactivity, but no evidence o f protein digestion. The r ise  in  
sedimentable radioactivity is  unfortunately coupled with a (very variable) 
increase in  the percentage free enzyme activity, indicating widespread
Figure 4.2 ‘The percentage free N-acetyl-g-D-glucosaminidase activity  
found following the incubation o f lysosome-enriched 
fractions in  solutions of various pH at 37°C for lh . 
Points are mean — SEM of three experiments
KEY:
o . . 0*25M sucrose, 0.02M t r is ,  buffered vdth c itric  acid to pH
shown*
0.25M mannitol, 0.G2M t r is ,  buffered with c itric  acid to 
pH shown.
% Free N-Ac-ß-G.ase
(S i O
o o
— ,------------------------------------------------------- ,
Table 4^1 Acid-soluble radioactivities and sedimentable
radioactivities measured a fter Incubation o f lysosome- 
enriched fractions with ^  ^ 1-labe lled  dBSA for the 
times shown
Each figure is  the mean -  SEM o f three experiments
A ll o f  the lysosome-enriched fractions were suspended 
in  0.25M sucrose« 0.C2M t r is ,  buffered with c itric  
acid to pH6.0, with ^jg/ml 12 -labe lled  dBSA. MgC^ 
and ATP were both 3.3mM. In  the experiment blanks« 
the radiolabelled albumin was added directly to the 
tubes used fo r counting the radioactivity (see 
Figure 4 .1 ).
Conditions
Temp.
°C.
Min.
incubn.
% free 
N-Ac-g-D- 
glucosaminidase
Sedimentable 
radi oactiv ity , 
% of total
Acid-soluble 
radioactivity, 
% o f total
0 7.6 ¿ o.9 6.2 ¿ 1.4 2.0 ¿ 0.1
Control 37 30 n.d 5.2 ¿ 1.1 1.6 ¿ 0.2
'3 60 9.4 t  0.7 3.8 ¿ 0.2 1.5 -  0.1
0 7.6 Î  0.9 6.5 ¿ 1.2 2.1 ¿ 0.1
Control 4 30 n.d 5.2 ¿ 0.4 1.8 ¿ 0.1
60 9.0 ¿ 1.7 4.9 ¿ 0.2 2.0 i  0.1
+ATP 0 10.8 Î  3.9 13.2 ¿ 4.5 2.1 ¿ 0.2
+MgCl2 37 30 n.d 34.7 i  9.2 1.5 ¿ 0.1
60 58.0 ¿21.6 44.3 i  8.6 2.3 t  1.0
Blank 0 7.7 ¿ 1.0 26.3 ¿ 7.4 1.8 t  0.1
(+ATP, 37 30 n.d 25.3 ¿ 5.9 1.4 ¿ 0.1
+MgCl£) 60 57.9 ¿29.0 31.5 -  9.8 2.7 -  1.4
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damage to the lysosomal membrane. Furthermore, the rise  in sedimentable 
radioactivity and free enzyme activity was detected in the blank 
experiments using 3.3mM ATP and 3.3mM MgCl^, where the 12^ -la b e lle d  
dBSA was added directly to the tubes in  which the duplicate samples o f  
medium were taken fo r  counting. These experiments were a l l  repeated 
using 0.02M phosphate buffer in  place o f tris/citrate buffer in  order to 
eliminate the possib ility  that the use o f  t r is  was affecting the 
properties o f the lysosomal membrane.
4.3.3 The effect o f ATP and MgClo on the degradation o f 125I -  
labelled dBSA added to lysosome-enriched suspensions
( i i )  phosphate buffers
The conditions used fo r these experiments were identical to those of 
Section 4.3.2 (Table 4.1) except fo r  the replacement throughout o f  0.Q2M 
tris/citrate by 0.02M phosphate buffer, pH6.0. The results are shown 
in  Table 4.2, and i t  can be seen that they follow a pattern sim ilar to 
Table 4*1. In  the absence o f ATP and MgCl^ there is  l i t t le  sedimentable 
or acid-soluble radioactivity, and the lysosomes remain substantially  
intact fo r the duration o f  the experiments.
In  the presence o f ATP and MgClg there i s  a significant increase in  
the sedimentable radioactivity, and also in  the acid-soluble radioactivity, 
independent o f  whether the albumin is  added at the beginning or end o f 
the incubation. There is  also tota l disruption o f lysosome integrity  
under these conditions, as judged by the free enzyme activ ity .
Since the results using phosphate are substantially sim ilar to those 
obtained with tris/citrate as buffer, an e ffect o f t r is  on the lysosomal 
membrane is  unlikely. On the other hand,;i t  is  quite possible that ATP 
or MgClg could be causing the disruption o f the lysosomes. The effect  
o f ATP and MgC^ on the stab ility  o f  lysosome-enriched suspensions was 
therefore studied further.
Table 4.2 Acid-soluble radioactivities and sedimentable
radioactivities measured after incubation o f  lysosome— 
enriched fractions with -labe lled  dBSA for the 
times shown
Each figure i s  the mean — SEM o f three experiments
A ll  o f the lysosome-enriched fractions were suspended 
in  0.25M sucrose, 0.02M phosphate buffer, pH 6.0, with 
2pg/ml ^ 5I-labe lled  dBSA. MgCL, and ATP were both 
3.3mM. In  the experiment blanks the radiolabelled  
albumin was added directly to the tubes used fo r  
counting the radioactivity (see Figure 4 .1 ),
Conditions
Temp.
°c .
Min.
incubn.
% free 
N-Ac-g-D- 
glucosaminidase
Sedimentable 
radioactivity, 
% o f total
Acid-eoluble 
radioactivity, 
% o f  total
0 9.9 t  0.2 7.1 t  1.2 2.1 -  0.2
Control 37 30 n.d 8.0 t  1.2 1.8 t  0.1
60 16.2 t  2.8 9.2 t  0.6 1.8 t  0.1
0 9.9 t  0.2 7.5 t  0.2 1.9 t  0.1
Control 4 30 n.d 8.0 t  0.2 1.9 t  0.1
60 13.3 -  1.2 6.7 -  1.4 1.9 -  0.1
0 12.7 i  3.0 49.1 -  5.3 2.0 t  0.4
+ATP 4.
37 30 n.d 62.0 -  1.2 7.3 -  1.4
+MgCl + 4- 4>
60 108.3 -  5.3 67.8 -  0.6 9.0 -  1.0
Blank 0 12.7 -  3 , 0 34.7 t  2.0 1.8 t  0.1
(+ATP, 37 30 n.d 34.7 t  2.5 11.7 t  3.1
+MgCl2) 60 100.7 -  2.3 42.9 t  0.8 8.1 t  2.1
4.3.4 The effec t o f ATP and MgCl^ on^the^J^ee^jRnzjnif^^aetjij^j;y o f 
a lyso so me‘-enriched suspension
A lysosome-enriched suspension, prepared as in  Section 2.1.1, was 
divided into two parts. One part was suspended in  0.25M sucrose, 
containing 0.02M t r is ,  adjusted with c itr ic  acid to pH 6.0 and the other 
part contained, in addition, 3.3tnM ATP and 3.3mM MgCl2. Both suspensions 
were incubated fo r  120min at 37°C. At time intervals throughout the 
incubation the free and tota l N-acetyl-B-D-glucosamini dase activ ities  
were assayed (as in 4.2.2) and the percentage free enzyme activity  
calculated. The results o f one experiment are shown in  Figure 4.3 (a  
second experiment omitting MgClg gave quantitatively similar re su lts ).
Clearly the ATP causes a rise  in the percentage free activity  
of the enzyme which ultimately leads to the abolition o f latent enzyme 
activ ity . At the end o f the experiment, the pH o f the suspensions were
measured. The pH o f the control was found to be 6.10, whereas that o f
-the suspension containing ATP and MgCl^ was 5.15.
In  subsequent experiments, in  an e ffo rt  to overcome this problem, 
the solutions o f  ATP and MgClg were adjusted to pH 6.0 with NaOH prior to 
use. When the experiment described above in  this Section was repeated 
using a "pH adjusted” solution o f ATP, the free enzyme activity  
a fter 120min incubation at 37°C was 13.5% (see Figure 4 .3 ). ATP 
appears to cause the breakage o f lysosomes in  vitro only when its  
inclusion in  the medium lowers the pH of that medium.
4.3.5 The effect o f "pH adjusted?1 ATP and MgCl? on the degradation 
o f 12^ -la b e lle d  dBSA added to lysosome-enriched suspensions
Table 4.3 shows the results o f experiments in  which "pH adjusted"
ATP and MgClg were used. No large increases in  sedimentable or ac id - 
soluble radioactivities were detected, and there was no disruption o f
lysosomes
Figure 4,3 The effect o f 3.3mM ATP and 3.3mM MgClp upon the
percentage free N-acetyl-g-D-glucosaminidase activity  
of an intact lysosome-enriched suspension at 37°C 
In each case, a lysosome-enriched fraction was 
suspended in  0.25M sucrose, 0.02M t r is  citrate  
buffered to pH 6.0.
Additions
3.3mM ATP, 3.3mM MgC!^
3.3mM "pH adjusted" ATP and MgCl2 
no additions
Each line depicts one experiment only
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Table 4.3 Acid-soluble radioactivities and sedimentable
radioactivities measured after incubation o f  lysosome- 
enriched fractions with ^^1 -labe lled  dBSA for the 
times shown
Each figure (except those o f the lower experiment 
blanks, where just one result is  shown) is  the mean 
-  SEM o f three experiments
A ll o f the lysosome-enridled fractions were suspended 
in  0.25M sucrose, 0.02M phosphate buffer, pH 6.0, with 
2yg/ml 12^ -la b e lle d  dBSA. MgC^ and ATP (both "pH 
adjusted") were 3.3mM. In the experiment blanks the 
radiolabelled albumin was added directly to the tubes 
used fo r counting the readioactivity (see Figure 4 .1 ).
Conditions
Temp.
°c .
Min.
incubn.
%  free 
N-Ac-^-D- 
glucosami ni dase
Sedimentable 
radioactivity t 
% o f total
Acid-soluble 
radioactivity, 
% o f total
+ATP 0 9.6 i  0.3 7.0 t  0.6 1.5 -  0.1
"pH 37 30 n.d 6.2 1 0.3 1.4 t  0.1
adjusted" 60 11.4 -  1.0 8.2 t  1.4 1.3 1 0.1
Blank (+ATP, 0 9.6 *  0.3 10.2 i  1.0 1.6 -  0.1
"pH 37 30 n.d 11.0 t  1.8 1.2 t  0.1
adjusted") 60 11.3 t  0.8 12.7 -  4.o 1.0 i  0.2
+ATP, MgCl2 0 12.3 t  3.1 6.0 t  0.3 1.8 1 0.1
"pH 37 30 n.d 6.1 t  0.2 1.8 1 0.1
adjusted" 60 12.5 -  0.7 8.3 t  0.1 2.0 t  o . l
Blank (+ATP, 0 9.1 12.7 1.7
MgClg, "pH 37 30 n.d 17.5 1.4
adjusted") 60 15.3 9.8 1.8
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4»3»6 Degradation o f I —labelled dBSA during counting procedure
The acid-soluble radioactivities measured in the experiments are 
depicted in  Tables 4.1 -  4.3 as percentages o f the tota l radioactivity  
recovered. Almost a l l  o f these are o f the same order as the background 
level o f acid-soluble radioactivity found in  preparations of 12 ^ T- 
la  be lied  dBSAit.e. 1-2%) that i s  due to a small amount o f  free t ^25I] 
iodide. However, two rows o f figures are significantly above this 
background leve l, those in  experiments were ”unadjusted11 ATP was used 
with 0.02M phosphate buffer (Table 4 .2 ), These figures cannot be 
entirely due to degradation o f 125I-labe lled  dBSA occurring during the 
incubation period, since the experiment blanks received no radiolabelled  
protein until the commencement o f  the centrifugation/counting procedure. 
Further analysis o f the results showed that, owing to congestion on the 
Y-scintillation  counter, the time elapsing before the addition o f  
trichloroacetic acid was between 1 and 3h. During this time the 150,000g 
x min supernatant would have been at room temperature. This suspension 
would contain non—sedimentable lysosomal enzymes (arising from broken 
lysosomes) and also non-sedimentable 12 -labe lled  dBSA. Hence, in those 
experiments where Jysosome damage had been measured the conditions in  the 
supernatant ( i . e .  the'presence o f lysosomal enzymes in  a medium o f pH 
approx. 5.0 -  see Section 4.3.4) would have been suitable fo r degradation 
o f ^25I-la b e lle d  dBSA to occur.
In  a further experiment, a lysosome-enriched suspension was incubated 
fo r  60min at 37°C in  0.25M sucrose, 0.02M phosphate buffer, pH 6.0,
3 .3mM ATP, 3.3mM MgClg and 2yg/ml 125I-labe lled  dBSA ("+ATP, +MgCl2" in  
Table 4 .2 ). Eight duplicate 1ml samples were taken fo r  centrifugation 
and treated as described in  Figure 4.1. A ll  were treated identically  
apart from the time between the end o f the I50,000g x min centrifugation 
to the moment o f addition o f 0.5ml 20% trichloroacetic acid, which was 
varied from 21C*nin down to approx, zero. The resulting increase in
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percentage trichloroacetic acid-soluble radioactivity with time (Figure 
4.4) indicates that the increases in percentage acid-soluble ^25I -  
radioactivity in  Table 4.2 are almost certainly due to the extralysosomal 
hydrolysis described above.
Returning to the data, shown in  the lower half o f Table 4.2, i t  can be 
seen that the acid-soluble radioactivities recorded at the beginning o f  
the incubation are normal. This is  to be expected i f  the lysosomes are 
intact at th is stage, and v irtually  no lysosomal enzymes would remain in  
the 500,000g x min supernant. At the other times, a fter lysosome damage 
hap occurred, non-sedimentable lysosomal enzymes would appear in  this  
supernatant which would thus be capable o f digesting the -labe lled  
dBSA under suitable conditions.
Figure 4.4 The appearance of* acid-soluble radioactivity in a 
150 OOOg x min supernatant o f a lysosome-enriched 
fraction of rat liver
A lysosome-enriched suspension was incubated fo r lh at 
37°C in  the following medium: 0.25M sucrose, 0.02M 
phosphate buffer, pH 6.0, 3.3mM ATP, 3.3mM MgClg, 
2ug/ml ^25I-labe lled  dBSA. At the end o f the 
incubation several 150,OOOg x min supernatants were 
prepared (see Figure 4.1) in  3ml disposable plastic  
tubes. These were immediately counted fo r 2^5I -  
radioactivity and then le ft  at room temperature. At 
various times the acid-soluble radioactivity was 
determined in  duplicate tubes as shown in  Figure 4.1.
The percentage acid-soluble radioactivity was plotted 
against the time elapsing between the end o f the 
150 OOOg x min centrifugation and the addition o f
0.5ml 20% trichloroacetic acid
Acid-soluble 
%  of
radioactivity
total
o  cn o  cn
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4.4 Discussion
Solutions containing sucrose have been used in  previous investigations 
into protein degradation by lysosomes (e .g .  Mego efc a l . ,  1967 and 1972; 
Gregoriadis and Ryman, 1972; Hayashi et a l . ,  1973) i n order to preserve the 
integrity o f lysosomes in  v itro . Small changes in  various parameters are 
easier to detect against a stable background provided by a stable 
preparation o f lysosomes. The experiments described at the beginning o f  
this Chapter attempted to ascertain the optimum conditions fo r the 
maintenance o f  an intact population o f lysosomes at 37°C. The minimum 
percentage free enzyme activity  o f  a lysosome-enriched suspension a fter  
incubation fo r  lh at 37°C was obtained using 0.25M sucrose, pH 6.0 (Figure 
4 .2) .  This result cannot be an a rtifac t caused by an alteration o f  
enzyme activity with the variation in  pH, since the free enzyme activity  
was throughout calculated as a percentage o f the total enzyme activity  
obtained under the same conditions.
This work compares interestingly with that o f the previous Chapter.
At 25°C there is  only a slight difference in  the permeability o f the 
membrane o f the lysosome to 0.25M mannitol at different pH values (Table 
3 .1 ), with the minimum occurring again at pH 6.0. Although lysosomes 
remain stable in  0.234 sucrose at both 25°C (Lloyd, 1969) and 37°C, the 
present results show they are stable in  0.25M mannitol only at 25°C. 
Presumably mannitol (m.wt. 182) i s  able to penetrate the membrane o f the 
lysosome at 25°C, but only very slowly, whereas at 37°C the penetration 
occurs much more quickly. Sucrose (m.wt. 342) on the other hand, may 
be too large a molecule to permeate the lysosomal membrane at either 25° 
or 37°C.
The shape o f the graph of "percentage released cathepsin activity"
( Balasubramaniam and Deiss, 1965) o f lysosomes incubated at various pH 
values in  0.25M sucrose resembles that o f Figure 4.2, although the beef
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thyroid lysosomes used were most stable at pH 5.0, a displacement o f one 
pH unit. Other experimental evidence (Bertini et a l . ,  1967; Mego, 1971) 
concerning the release o f acid-precipitable protein by heterolysosomes 
at pH 4, 5, 7 and 8 points to a diminished stab ility  o f suspensions o f  
lysosomes at pH 8.
ATP(3.3mM) causes the pH o f a lysosome-enriched suspension to drop 
from 6.10 to 5.15, although the mechanism of this action is  uncertain.
This pH effect has been reported previously (Megp et a l . ,  1972), and the 
adjustment o f solutions o f  ATP with NaOH to the required pH (Mego, 1975) 
i s  sim ilar to the treatment used in  this Chapter. In  causing a pH drop 
o f one unit, 3.3mM ATP causes a rapid and complete loss o f latency 
(Figure 4.3) which was not observed when "pH adjusted" ATP was used in an 
otherwise identical experiment.
Increases in  the sedimentable radioactivity (presumably due to 
lysosome—associated ^T—labelled dBSA) were only found in  those experiments
where ATP was used without pH adjustment* These increases were also 
detected in  the corresponding control experiments where the radiolabelled  
protein was added directly to the sample tube prior to the commencement 
of the counting procedure. I t  seems lik e ly , therefore, that the 
sedimentability o f  albumin in  these experiments is  influenced mainly by 
the status o f  the lysosomes. Interestingly, the albumin binds 
significantly only to disrupted lysosome membranes, possibly due to the 
molecules gaining access under these conditions to receptors which are 
carried to the inner surface o f the lysosomal membrane following 
endocytosis.
Sim ilarly, a significant increase in  the acid-soluble radioactivity  
was only found in  those experiments where ATP was used without pH 
adjustment. Degradation o f albumin also occurred in  experiment blanks,
indicating that at least some o f the proteolysis occurred a fte r  the 
incubation period. This was confirmed in  a subsequent experiment
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(Figure 4.4)•
The work reported in  the paper o f Hayashi et a l . ,  (1973) was mostly 
carried out at pH 4.5, following an in it ia l  experiment which the authors 
interpreted as indicating that their preparations of lysosomes were 
stable at that pH. However, i t  is  clear that what they were measuring 
in  that experiment was not the percentage free activity o f the lysosomal 
proteases during the experiment, but a Cumulative figure o f the 
degradative power o f  the enzymes released. In  other words, rather than 
recording data sim ilar to individual points in Figure 4.3, they recorded 
data equivalent to the area under Figure 4.3 bounded by zero and their 
assay time. Hence a low result in  their experiments does not necessarily 
indicate a low degree of lysosome disruption, since a sim ilar resu lt would 
be obtained i f  a l l  the lysosomes broke near the end o f the incubation time.
Most o f the remaining work in  the paper (Hayashi et a l . ,  1973) can be 
explained in  terms o f a la b ility  o f the membrane o f the lysosome caused 
by ATP. The authors also assumed that the percentage free activity  o f  
an enzyme is  the same as it s  non—sedimentable activity, which is  not 
necessarily correct.
To conclude, the work reported in  this Chapter, provides no evidence 
that ATP promotes the transport o f substrates into intact isolated  
lysosomes. Indeed, some o f the results suggest that ATP acts to 
decrease the pH of the suspending solution, and thus lower the stab ility  
o f lysosomes. Huisman et a l ,  (1974) have critic ised  the rationale of 
the experiments of Hayashi et a l .  (1973), but without reappraising the 
original method. Taken together, this work and that o f Huisman et a l . ,  
(1974) provide alternative explanations fo r a l l  the phenomena observed 
in  the original paper (Hayashi et a l . ,  1973).
CHAPTER 5
The subcellular location o f two lysosomal enzymes and 
■^^1-Labelled PVP, following d ifferen tia l centrifugation 
of rat liv e r homogenates in  different solutions
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5.1 Introduction
Bearing in  mind that the aim of this Thesis is  to study the fate of 
cystine residues in the lysosomal system, i t  is  essential to set up an 
experimental system that can establish the location o f substances within 
ce lls . This b rie f Chapter describes an investigation into the effect of 
different solutions on the recovery of ^^1 -labe lled  PVP, N-acetyl-S-D- 
glucosaminidase and arylsulphatase from rat live r using d ifferentia l 
centrifugation.
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The reasons underlying the choice o f I —labelled PVP are given in 
Section 6.2.2 but, b rie fly , the substance is  an easy to detect, non- 
degradable macromolecule. I t  can reasonably be expected, therefore, that 
1 2 -labe lled  PVP enters ce lls  solely by endocytosis; indeed there is  
experimental evidence (Roberts et a l . , 1977) to suggest that in  vitro i t
»
enters rat yolk sac by fluid-phase pinocytosis. I t  can thus be considered 
an appropriate marker for the pinosomes and secondary lysosomes.
To ascertain the subcellular location of injected material within the 
rat liv e r , two techniques are available. Light or electron microscopy of 
liv e r  tissue would be useful only i f  the material was detectable in  the 
sections produced by virtue of a staining property or its  electron density.
D ifferentia l centrifugation o f c e ll homogenates is  probably the most 
widely used technique for investigating the subcellular distribution of a 
material in a tissue. In 1955, de Duve and coworkers published what is  
now regarded as a standard centrifugation procedure, which results in the 
isolation o f five subcellular fractions from a rat liv e r homogenate. 
Separation is  afforded by the use o f centrifugation at successively 
increasing speeds, which isolates particles according to their size, the 
larger particles tending to sediment at slower centrifugation speeds. In 
this way, fractions enriched with nuclear, mitochondrial, lysosomal, 
microsomal and supernatant material respectively, can be isolated.
The different solutions were used in this study in  an attempt to
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maximize the lysosomal recovery o f N-acetyl-g-D-glucosaminidase, a ry l-
sulphatase and injected ^^1 -labe lied PVP. In it ia lly , 0.25M Sucrose was
used and acted as a control against which the other solutions could be
compared. The f ifth  solution, in  which 5mM EGTA replaced 5mM EDTA, was
tested subsequently to eliminate the possib ility  tlufc EDTA interfered with
2+the protein assay, perhaps by the formation o f an EDTA-Cu ion complex
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5.2 Experimental procedure
Male Wistar rats (250-350g) were injected with ^ I - l a b e l l e d  PVP 
( 50pg/kg body weight) as described in  Section 2.7. A fter 2h the animal 
was k illed  by a blow to the neck, and the live r treated as described in  
5.2 .1.
5.2.1 D ifferential subcellular fractionation of rat l i ver
The rat live r was exposed, and rapidly perfused with 20-30ml of the
solution under test. This and a l l  subsequent operations utilised  ic e -
cold solutions. The liv e r , now pale brown, was excised, blotted and
weighed, then immediately forced through a cooled stainless steel sieve 
2
(approx. 1.0mm mesh) and subsequently reweighed.
The live r pulp (approx. 7-10g) was resuspended in 2.5ml/g pulp o f 
the solution under test, and homogenised in  a Potter-Elvejhem Teflon/ 
glass homogeniser (Tri-R  Instruments Inc., New York. 0.019cm clearance) 
at 3000rpm (setting 2.7) by three steady up and down strokes lasting in  
tota l about 30 seconds. The resulting suspension was then centrifuged 
at 4°C in an MSE 4L centrifuge at 250g x 5 min (rotor no. 34123-602).
A fter this cerirlfugation, the supernatant was decanted and stored on ice , 
and the pellets rehomogenised in  about 10ml> o f solution as before. The 
supernatant and rehomogenised suspension were made up to 10% (g  pulp 
weight/volume) with ice-cold solution. Some o f this homogenate was 
stored at -20°C fo r later assay, while a known volume of the remainder 
was subjected to the centrifugation scheme shown in F ig. 5.1, a l l  
operations being carried out on ice or at 4°C in precooled centrifuges. 
A ll resuspensions o f pellets were carried out using the Potter-Elvejhem 
homogeniser at 1500rpm (speed setting 1 .7 ). Each fraction isolated was 
deep frozen at -20°C for later assay o f protein, radioactivity and assay 
o f tota l lysosomal enzyme activ ities (see Chapter 2 fo r assay procedures). 
The time taken fo r the complete fractionation was approx. 3.5h.
Figure 5.1 Schematic representation o f the d ifferentia l centrifugation 
scheme employed to separate rat live r homogenates into five  
subcellular fractions
The fractionations were carried out (see Section 5.2.1) using 
precooled centrifuges and rotors 34183-602 (MSE 4L), 43114- 
106 (MSE High Speed 18) and 59113 (MSE Super Speed 50)•
10% LIVER HOMOGENATE
HOMOGENATE (H) FRACTION
2000 rpm x 10 mm 
( lOOOOg x min) at 4°C 
MSE 4L
Pellet
Resuspend in 25 ml 
1700 rpm x 10 min 
(7000g x min) at 4°C 
MSE 4L
Combined 
supernatants 
5250 rpm x 10 min 
(33000g x min) at 4°C 
MSE 18
Combined 
supernatants 
13500 rpm x 10 min 
(2lOOOOg x min) at 4°C
MSE 18
N FRACTION,
Pellet
Resuspend in  15 ml 
5250 rpm x 10 min 
(33000g x min) at 4°C
MSE 18
M FRACTION
------------------- 1
Pellet
Resuspend in  15 ml 
13500 rpm x 10 min 
(2lOOOOg x min) at 4°C
MSE 18
Combined 
supernatants 
40000 rpm x 30 min 
(3000000g x min) at 4°C 
MSE 50
L FRACTION
P FRACTION
S FRACTION
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5.3 Results and Discussion
5.3.1 Total recoveries o f markers
The tota l recovered activity in  a l l  five fractions was expressed as 
a percentage o f the activity measured in the homogenate. Table 5.1 shows 
that the recovered activ ities for both protein and N-acetyl-3-D-glucosamini- 
dase were usually between 90 and 100%. The total recovery of -labelled  
PVP was usually slightly  above the homogenate value. The mean recovery of 
axylsulphatase was in it ia lly  estimated to be 143.5% o f the activity in the 
homogenate. To investigate this anomaly further experiments were performed 
using the L and S fractions, reconstituted together as they were in the 
homogenate. The observed activity was 60.1 ±  2.2% (Mean t  S.E.M., 7 expts) 
of that expected from measurements o f the individual fractions. This 
implies inhibition of aijisulphatase by some factor present in the cytosol.
I f  the simple assumption is  made that the homogenate as measured is  sim ilarly  
inhibited, then the recovery data in Table 5.1 can be corrected by multi­
plying by 0.6. This is ,  of course, only an approximate correction, but 
does give some indication o f the recovery obtained. A fter this correction 
has been applied (see Table 5.1 last column) the recoveries do f a l l  to a 
more acceptable level, with a mean o f 86.2%, only a few per cent below the 
recovery o f N-acetyl-6-D-glucosaminidase.
5.3.2 Expression o f results
As the total recoveries (including, a fter adjustment, that of 
arylsulphatase) were a l l  approx. 100%, the activity o f each fraction was 
calculated as a percentage of the sum o f the activ ities o f the five  
fractions i . e .  as a percentage of the amount recovered during centrifugation. 
I t  was assumed that the slight losses which occurred during centrifugation 
were distributed equally through the five fractions, since possible further 
corrections have a minimal effect on the overall resu lt. Consequently, an 
estimate o f the re lative specific activ ities  could be obtained by dividing
Table 5.1 125Percentage recovery o f I-labe lled  PVP, N-acetyl-e-D- 
glucosaminidase and arylsulphatase after subcellular 
fractionation o f rat liver
125The recovery o f protein, I-labe lled  PVP, N-acetyl-S-D- 
glucosaminidase and arylsulphatase in each fraction is  
expressed as a percentage o f the homogenate activity , a fter  
subcellular fractionation o f a 10% liv e r homogenate in the 
solutions shown (see Section 5.2 .1 ). Each rat had been 
injected with 5Qi g/kg body weight ^^1 -labe lled  PVP 2h 
prior to sacrifice and the commencement o f the isolation  
procedure.
(Results are mean -  S.E.M., or the range is  shown)
Homogenising
solution
Recovery (% of Homogenate Value)
Protein 125I -labe lied  PVP N-Ac-8-Glue.ase Aryl.S.ase Aryl.S.ase(Corrected)
0.25M Sucrose 104.6 t  2.9 
(4 )
94.9 -  8.2 
(3)
93.3 £ 6.0 
(4)
152.5 £ 8.9 
(4)
91.7 £ 5.4 
(4)
0«3M Sucrose 94.3 £ 3.2 
(4)
114.1(103.9-124.3)
(2)
93.3 -  4.0 
(4)
14 5.9 £ 8.3 
(4)
87.7 £ 5.0 
(4)
0.3M Sucrose 
5mM MOPS pH 7.4
92.9 £ 2.3 
(3 )
107.5( 99.5-115.4) 
(2)
103.4 £ 3.5 
(3)
141.0 £ 9.8 
(3)
84.7 £ 5.9 
(3)
0.3M Sucrose 
5mM MOPS pH 7.4, 
5mM EDTA
98.4 £ 1.6 
(3 )
106.0 £ 1.1 
(3)
84.3 £ 7.1 
(3)
100.8(94.0-107.6)
(2)
60.6(56.5-64.7)
(2)
0.3mM Sucrose 
5mM MOPS pH 7.4, 
5mM EGTA
91.8 Ì  4.5 
(3)
110.8 £ 8.3 
(3)
91.0 i  5.1 
(3)
159.0 £ 6.8 
(3 )
95.6 £ 4.1 
(3)
Total 97.5 -  1.7 
(17)
106.0 £ 3.3 
(13)
93.1 £ 2.5 
(17)
143.5 £ 5.6 
(16)
86.2 £ 3.4 
(16)
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the percentage o f material in a fraction by the percentage protein,without 
using data from tie homogenate (see de Duve, 1967). Using this method, 
the total o f protein, and each marker, is  thus 100%, which makes comparison 
easier between the different markers.
I t  is  usual to express the results of d ifferentia l centrifugation 
experiments as histograms showing the specific activity o f each fraction  
relative to a homogenate value o f 1. However, either data from •'typical 
experiments" must be used or, i f  mean results are shown, then no estimate 
of interexperimental variation can be given on the diagram, since the 
variation occurs in the area of each bar o f the histogram, i .e .  in two 
dimensions. Therefore, a preliminary table o f the percentage recovery 
in each fraction was used, which enabled a measure of the variation to be 
shown, and from this a p ictoria l representation of relative specific activity  
was derived in  order to show clearly  the pattern of recovery and localization  
of materials.
5.3.3 Effects of using different homogenizing solutions
The results are shown in Table 5.2 and Figure 5.2. Table 5.2 shows 
that there is  very l i t t le  difference in  the distribution o f the two enzymes, 
whichever solution is  used to prepare the homogenate and isolate the 
fractions. Between 40% and 50% o f N-acetyl-g-D-glucosaminidase and 
arylsulphatase was recovered in the L fraction (with the exception of 
isolation in  0.3M sucrose containing 5mM MOPS, pH 7.4 and 5mM EDTA, where 
only 34.7% o f arylsulphatase was localised in  the L fraction ).
The distribution o f 125I-labe lled  PVP alters slightly  depending on 
the solution used, but apparently without pattern. The recovery o f the 
radiolabel in  the L fraction varied from 21.5% to 32.9% o f the tota l 
recovered.
The recovery o f protein in the five  fractions was very similar in  
both 0.25M and 0.3M sucrose, and also in 0.3M sucrose containing 5mM MOPS
. However, there was a startling change in  the protein d istributi>■ ipH 7 .4
Table 5.2 The effects o f various media on the subcellular distribution  
o f J f i  -labe lled  N-acetyl-3-D-glucosaminidase, arylsulphatase 
and protein in the rat liver, two hours following the 
injection o f -labelled  poly(vinylpyrrolidone)
(5yig/100g b.w t.)
12 5i -labe lled  PVP (50Mg/kg body weight) was injected 2h prior 
to sacrifice . The rat liv e r was fractionated according to 
the scheme o f Section 5.2.1. The amount o f material in each 
fraction is  expressed as a percentage of the sum of a l l  five  
fractions (see Section 5 .3 .2 ). Results are mean -  S.E.M., 
or the range is  shown.
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Figure 5.2 The effects o f various media on the subcellular distributions 
of -labe lled  PVP, arylsulphatase and N-acetyl-6-D- 
glucosaminidase in rat liver
■^^1-labe lled  PVP ( 50Ug/kg body weight) was injected 2h 
before sacrifice . The rat live r was fractionated 
according to the scheme o f Section 5.2.1. The histograms 
are calculated from the data o f Table 5.2 as indicated in  
the text (5 .3 ) .
The term "specific  activity*' is  potentially ambiguous when applied 
to the concentration o f a radioactive substance such as 
^ 5I-labe lled  PVP. In this thesis i t  denotes the measured counts 
per minute in a tissue homogenate or fraction, per mg protein.
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when the liv e r homogenate was suspended in 0.3M sucrose containing 5mM 
MOPS, pH 7.4 and either 5mM EDTA or 5mM EGTA. When either o f these 
solutions were used, the percentage of protein in the middle three 
fractions (M, L and P) dropped to 25-30% of the total recovered, compared 
to 45—55% o f the total in  the other solutions used. In  particular, 
the percentage o f  protein in the lysosome-enriched fraction dropped from 
approximately 12%,..in 0.25M sucrose, to 5.5% in 0.3M sucrose containing 
5mM MOPS, pH 7.4 and 5mM EGTA. The redistribution o f protein results in 
an increased recovery o f protein material in  the f i r s t  and last fractions 
( i . e .  N and S ).
Since similar protein distributions were observed with both the EDTA
2+and the EGTA solutions, chelation with the Cu ions o f the protein assay 
is  unlikely. A modified assay fo r  protein (Section 2.4) using phopho- 
tungstic acid to precipitate the protein and remove the EDTA with the 
supernatant, fa iled  to detect any differences from the original assay 
(results not shown).
Presumably, the EDTA (and EGTA) cause an alteration in  the protein
2+ p.
distribution by complexing with Ca ions. The effective removal o f Ca
from solution might cause the formation o f aggregates of macromolecules,
or disrupt the binding o f protein molecules to membranes. Since there is
v irtually  no change in  the distribution o f the enzymes between the
2+fractions, this removal o f Ca seems not to cause disruption o f the 
lysosomes themselves, but rather removes non-lysosomal prbtein which would 
normally sediment with this fraction. Both de Duve et a l .  (1955) and 
Sawant et a l .  (1964) include ImM EDTA in the homogenising solutions they 
use, de Duve et a l  (1955) commenting that ImM EDTA "exerts a protective 
action on glucose-6-phosphatase, perhaps other enzymes and seems to have 
no undesirable e ffects". Davidson (1975a) found that the removal o f 
metal ions with lmM EDTA stimulated the digestion o f ^^1 -labelled  
ribonuclease by mouse kidney lysosomes at 37°C, presumably by increasing
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the stab ility  o f the lysosomes. None o f the authors comment on an 
alteration of the protein distribution caused by the addition o f EDTA.
Figure 5.2 shows what the change in  the protein distribution does to
12 5the specific activities o f the enzymes and I-labe lled  PVP. The 
increased specific activity in the L fraction when 0.3M sucrose 
containing 5mM MOPS, pH 7.4 and either 5mM EDTA or 5mM EGTA is  used for  
the fractionation, is  due almost solely to the alteration in protein 
distribution.
The histograms of N-Acetyl-g-D-glucosaminidase and arylsulphatase 
are similar to pattern I I I  in the paper of de Duve et a l. (1955), shown 
by acid phosphatase and cathepsin. I t  is  reasonable to assume, therefore, 
that these enzymes are located in the lysosomes. The distribution of 
"^^1—labelled PVP is  not so clear. The highest specific activity does 
occur in  the L fraction, but a large amount is  also found in the super­
natant. The subcellular distribution of ^ I - l a b e l l e d  PVP is  discussed 
in Chapter 8.
In  a l l  three cases, however, an L fraction containing the highest 
relative specific activity for the lysosomal enzymes is obtained following 
fractionation in  0.3M sucrose containing 5mM MOPS, pH 7.4 and 5mM EGTA. 
Therefore, this solution was used in almost a l l  the later experiments.
In a few o f the experiments performed before the work described in this 
Chapter was finished, 0.3M sucrose containing 5mM MOPS, pH 7,4 and 5mM 
EDTA was used and i t  was assumed that these results were sim ilar to those 
which would have been obtained using the solution containing EGTA. These 
few experiments are, however, clearly  indicated in the Figure legends.
CHAPTER 6
The preparation and properties o f liposomes 
containing entrapped substances
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6.1 Introduction
The preparation and use of liposomes (spherules or vesicles o f lip id  
in aqueous solution) was f ir s t  described by Bangham et a l .  (1965) and they 
were widely used in  the late sixties as a model system to elucidate the 
structural and permeability properties o f biological membranes (see e .g . 
Papahadjopoulos and M iller, 1967; Papahadjopoulos and Watkins, 1967).
The observation that liposomes are able to entrap certain solutes gave 
rise  to the idea (Sessa and Weismann, 1969'; Gregoriadis et a l . ,  1971) 
that enzymes could be entrapped within liposomes, and that such liposomes 
might then be administered to patients with lysosomal storage diseases, 
as an enzyme replacement therapy (see 1 .2 .5 .3 ).
Since then, a large volume o f literature has appeared on the subject 
of the use of liposomes in  various model schemes. As well as papers 
describing model systems relating to enzyme therapy (Gregoriadis and Ryman, 
1972; Weissmann et a l . ,  1975), there have been attempts to develop the use 
o f liposomes containing anti-tumour drugs (Gregpriadis et a l . , 1974a; 
Dapergolas et a l . ,  1976), hormones (Patel and Ryman, 1976; Dapergolas and 
Gregpriadis, 1976; Shaw et a l . , 1976; Patel et a l . , 1978) and chelating 
agents (Jonah et a l « ,  1975, 1978).
This Introduction describes the structure, preparation and properties 
of liposomes o f various types. In  the later Sections, our attempts to 
entrap various substances within liposomes formed from dipalmitoylphosphati- 
dylcholine (DPPC) are evaluated.
6.1,1 The structure and permeability of liposomes
liposomes are vesicles o f  lip id  in  aqueous suspension. They can be 
either unilamellar, i . e .  consisting o f  only one lip id  bilayer, or multi- 
lamellar, i . e .  bu ilt  up o f several concentric lip id  b ilayers. Each lip id  
bilayer i s  roughly spherical, and therefore encloses a volume of f lu id .
The ab ility  o f substances within the aqueous phase to escape from liposomes
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w ill depend upon their ab ility  to cross the bilayers. The degree of 
retention o f substances by liposomes is  affected by the nature and 
stab ility  o f the liposomes, the nature o f the enclosed substances, and 
also the temperature*
6.1.1.1..'The effect o f lip id  composition on liposome structure and 
permeability
The composition of lip id  bilayers determines two major features o f 
the resültant liposomes, v iz . their charge,and also the general integrity  
and physical characteristics o f the b ilayer. Lipid bilayers exist in  
■two forms. At lower temperatures the fatty acyl chains o f the lip ids  
exist in  the solid  state but, as the temperature is  raised, these 
hydrophobic chains undergo a phase transition to the liquid state, resulting 
in  a liquid-crystalline bilayer. Generally, any substance which causes 
an increased degree o f order in the fatty acyl chains o f the bilayer causes 
an increase in  the thermal phase transition temperature. Also, the more 
ordered the bilayer, the less permeable are the resulting liposomes (see 
below).
Liposomes made from members o f  the homologous series o f fatty acyl 
phosphatidylcholines show a progressive variation in  permeability to 
different substances. As the chain length o f the constituent fatty  acids 
is  increased, the corresponding liposomes become less permeable to glycerol 
and erythritol (de Gier et a l . ,  1968) and cortisol octanoate (Shaw et a l . ,  
1976).
The liposomes most commonly used for studies in vivo are formed from 
egg phosphatidylcholine (see e .g . Gregoriadis and Ryman, 1972; Jonah et a l . ,  
1975) which contains a mixture o f  diacylphosphatidylcholines (Paphadjopoulos 
and M iller, 1967; Mason and Huang, 1978). The heterogeneity in  the acyl 
chain lengths results in a lower degree o f order o f the bilayer, giving 
rise  to an increase in  the permeability o f liposomes made from this lip id
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(Shaw et a l . , 1976). However, the addition o f a proportion (up to 50 
Mole percent has been used) o f cholesterol to egg phosphatidylcholine 
effectively raises the transition temperature by restoring the order of 
the hydrophobic region of the bilayer, and hence decreases the permeability 
o f such liposomes ( La'dbrooke et a l . ,  1969). Shaw et a l .  (1976) made 
liposomes from a defined phosphatidylcholine and found that the inclusion 
o f cholesterol Bade such liposomes more leaky, presumably because i t  
disrupts the already ordered structure o f the bilayers and lowers the 
effective phase transition temperature.
Charged lip ids included in  the bilayers have two properties.
F irstly , by repulsion of like-charged lip ids in  adjacent bilayers, they 
tend to increase the interlamellar distance, and thus the volume o f the 
aqueous compartment (Sessa and Weissmann, 1970). Secondly, charged lip ids  
within the bilayer may electrostatically  attract (or repel) substances so 
that the la tter are held in  close proximity to (or repelled from) the 
bilayer during formation o f the liposomes, and thus increase (or decrease) 
the level o f entrapment. The retention o f charged substances can be 
improved by using a lip id  o f sim ilar charge:, since the interaction of 
the entrapped substance with the bilayers can be reduced.
6.1.1.2. The permeability o f liposomes
The lip id  composition o f liposomes is  largely responsible fo r  their 
permeability properties. However, certain features o f entrapped 
substances w ill  also determine their rate o f escape from liposomes. I t  
i s  reasonable to expect that large molecules are much more e ffic ien tly  
retained than small ones. Indeed proteins and other macromolecules reniain 
sequestered within liposomes after entrapment, providing the liposomes 
remain stable (Sessa and Weissmann, 1970 • See Tyrrell et a l . ,  1976b and 
Finkelstein and Weissmann, 1978, fo r l is t s  o f macromolecules reportedly 
entrapped within liposomes). Liposomes are more permeable to inorganic 
anions (Bangham et a l . ,  1965) than to cations (see Papahadjopoulos and
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KLm&lberg, 1973), although negatively charged liposomes are the more 
permeable to cations (Scarpa and de Gier, 1971). Several small molecular 
weight molecules have been entrapped within liposomes, including glucose 
(Sessa and Weismann, 1970; Xnoue, 1974; Batzri and Korn, 1975) and EDTA 
(Jonah et a l . ,  1975). Inoue (1974) found that glucose was entrapped most 
effic ien tly  by liposomes o f DPPC. A sim ilar study by de Gier et a l .  (1968) 
involving glycerol and erythritol has already been referred to in Section 
6.1.1.1. Naoi e t_a l. (1977) have shown that amino acids can permeate
liposome membranes and observed that neutral amino acids were more permeant. 
The basic amino acids permeated slowest. The retention o f the lipophilic  
substance cortisol was much improved by covalent attachment o f the molecule 
to fatty acids (Shaw et a l . ,  1976), suggesting that the acyl chain 
"anchored" the steroid to the bilayers. Amphiphilic substances are the most 
d ifficu lt  to entrap successfully (Tyrre ll et a l . , 1976b) since they have the 
ab ility  to "hop" through the bilayers o f the liposomes and escape. Some 
degree o f success has been achieved in  the entrapment o f 5-fluorouracil 
(Tyrrell et a l . ,  1976b) and actinomycin D and benzyl penicillin  (Gregoriadis, 
1973) using liposomes of DPPC.
6 .I .I .3 .  The effect o f temperature on the permeability o f liposomes
In general, the permeability o f liposomes is  increased as the 
temperature is  raised (de Gier et a l . , 1968). In  particular, the 
permeability o f some types of liposomes is  increased markedly near the 
phase transition temperature of the components lip id (s ) (Papahadjopoulos 
et a l . , 1973).
6.1.2 The preparation o f liposomes
The lip ids are f i r s t  dispersed in  an organic solvent. This mixture 
is  then subjected to rotary evaporation to leave a thin film of lip id  on 
the wall o f a fla sk . An aqueous solution containing the substance to be 
entrapped is  now used to wash the dried lip id  film  from the wall o f the 
flask . During this procedure, the lip id s swell to form liposomes.
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Liposomes prepared in  this way are very heterogeneous in  size , ranging 
from 50- 1000nm in diameter (Papahadjopoulos and M iller, 1967;
Papahadjopoulos and Watkins, 1967), and are known as multilamellar 
vesicles (MLV).
The heterogeneous MLV described above can be subjected to ultrasonic 
irradiation to yield a more uniform population o f small uni lame Hair 
vesicles or SUV (Huang, 1969). Sonication o f liposomes can be carried 
out either in a bath-type (Papahadjopoulos and M iller, 1967; Papahadjopoulos 
and Watkins, 1967) or probe-type sonicator (Patel and Flyman, 1976; Patel 
et a l . ,  1978) although the former may be more suitable where ste rile  
preparations are required. SUV prepared in this way range in size from 
SO-lOOnm (Papahadjopoulos and M iller, 1967), but prolonged sonication 
(160min.) produces an.-even more uniform population of liposomes, diameter 
25nm (Huang, 1969). Although such preparations are more homogeneous in  
size, substances are less e ffic ien tly  entrapped in  SUV because o f the 
lower volume to surface area ra t io ,.
Deamer and Bangham (1976) have described an alternative method o f 
preparing liposomes. In  this method, the lip ids in solution in ether 
are injected into a warm aqueous solution. The method is  claimed to 
be 10-100 times more effic ient than other available methods and to be much 
quicker (Deamer, 1978). There iB a range in  the diameters o f  liposomes 
so produced from 50-250nm, although most o f them are between 150 and 250nm 
(Deamer, 1978). Thus this method appears to be useful fo r preparing 
liposomes o f intermediate size.
Large unilamellar vesicles (LUV) are prepared from SUV by the addition
cf  Ca^+ ions. This causes fusion o f the SUV into cochleate cylinders,
2+and by the subsequent addition of EDTA, chelation of the Ca ions leads 
to the formation o f large unilamellar vesicles (Papahadjopoulos and V a il, 
1978). In  this way, phosphatidylserine has been used to prepare LUV with 
diameters between 200 and lOOOnm (Papahadjopoulos and V a il, 1978), containing
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entrapped fe rr it in  (which was added immediately prior to EDTA). This 
method is  claimed ( Papahadjopoulos and V a il, 1978) to be more e ffic ien t  
than the orig inal (MLV) method. Another advantage o f this method is  
that the cochleate structures are extremely stable for long periods o f  
time ( Papahadjopoulos and Vail, 1978), and can thus be stored until 
required, when the substance to be entrapped, and then EDTA, is  added to 
form LUV,
In a l l  the methods outlined above, the fin a l product is  a preparation 
o f liposomes suspended in  a matrix which is  identical to their in terior.
The purification o f liposomes therefore involves the removal and 
replacement o f this external matrix. Three methods are generally avail­
able for this separation stage.
Dialysis has a limited usefulness, since i t  can only be applied when 
the entrapped material is  o f  low molecular weight. I t  is  also the 
slowest o f the three techniques.
G e l-filtration  has been employed by several groups (Weissmann et a l , , 
1975; Dapergolas and Gregoriadis, 1976; Sharma et a l . ,  1977) to segregate 
liposomes from onentrapped material. The method is  extremely effective  
fo r this separation task, although yield  o f purified liposomes may be 
lowered by adsorption o f lip id  to the ge l.
Centrifugation has been used as a method fo r the purification of 
liposomes, but has the disadvantage that there is  no clear separation o f 
the liposomes from unentrapped solution. Some workers have used 
centrifugation merely as a means of separating liposomes from unentrapped 
material, whereas others have chosen centrifugation conditions that lead 
to the isolation  o f a selected portion o f the total population o f 
liposomes (see Tyrrell et a l . , 1976b, Table 1 ). The main advantage of 
this technique is  it s  su itab ility  for the preparation o f s te rile  liposomes.
Additionally, i t  should be mentioned that Batzri and Korn (1975) 
carried out a preliminary concentration o f liposomes using u ltra filtra tion
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prior to purification using ge l-filtra t io n . Although apparently effective, 
this technique does not seem to have been used widely by other workers.
6.1.3 The interaction o f liposomes with ce lls
This Section is  concerned with the mode o f interaction o f liposomes 
with plasma membranes in v itro . Liposomes may interact with ce ll surfaces 
in several ways, some depicted in  Figure 6.1. These are:
6.1.3.1 Endocytosis (Figure 6 .1 .1 ).
I f  liposomes enter ce lls  by either fluid-phase or adsorptive 
endocytosis, the result is  the intact transfer o f a l l  the liposomal material 
to the lysosomal system. Once liposomes are contained within secondary 
lysosomes they become subject to hydrolytic attack by the lysosomal 
enzymes•
The eventual fate o f the components of endocytosed liposomes w ill  
depend on their susceptibility to degradation within the lysosomes and 
their a b ility  to permeate the lysosomal membrane. One can envisage that 
"lysosomal enzyme-resistant" liposomes (and their contents) would remain 
intact within the secondary lysosomes and follow the fate of the lysosomes 
themselves. On the other hand, digestible lip ids would release the 
contents o f the liposomes into free solution so that they too may be 
broken down. I f  the liposomal contents are or become able to permeate 
the membrane o f the lysosome, they w il l  escape into the cytosol, but large, 
indigestible substances w ill  remain trapped within the secondary lysosomes.
6.1.3.2 Fusion (Figure 6.1.11 and i i i ) .
The mechanics o f the interaction o f both unilamellar and multilamellar 
liposomes with ce lls  by fusion is  sim ilar, although the fin a l resu lt is  
different. The outer lip id  bilayer fuses with the ce ll membrane, 
resulting in  the incorporation of the outer bilayer into the plasma 
membrane, and the introduction o f the contents o f the liposome into the 
cytosol. In  the case o f unilamellar liposomes, a l l  o f the lip id  becomes 
incorporated into the plasma membrane and the contents enters the
Figure 6.1 Cellular uptake of liposomes by phagocytosis and fusion
( i )  Entry by phagocytosis
The fate of SUV and MLV is  the same, i .e .  the liposomes 
and contents are taken up into phagosomes, and are 
eventually localized within secondary lysosomes.
( i i )  Entry by fusion with the plasma membrane 
and
( i i i )  The interaction is  similar fo r  both SUV and MLV, but 
whereas the SUV bilayer is  totally  incorporated in the 
plasma membrane, only the outermost MLV bilayer is  
removed by the fusion process. The liposome 
contents enter the cytosol.
KEY:
Entrapped substance 
Liposome bilayer
Plasma membrane
(i)
(¡i)
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cytoplasm. On the other hand, only the outer lip id  bilayer o f multi- 
lamellar liposomes is  incorporated into the plasma membrane, and a 
liposome comprising one less lamella enters the cytoplasm together with 
the material originally  sequestered immediately within the outermost 
lamella. I t  has been postulated that such a process would cause the 
plasma membrane momentarily to become "leaky" (Batzri and Korn, 1975), 
and would lead to release o f entrapped substances into the medium.
6.1.3.3. Adsorption.
The adsorption of liposomes to the surface o f a c e ll may not be 
followed by any interiorization of extracellular material so that, 
although the liposomes and their contents are associated with the c e ll,  
they are not within the ce ll i t s e l f .  This adsorption may be accompanied 
by changes in  the c e ll membrane or the liposomes, which may allow some 
transfer o f liposomal lip id s to other areas, e .g . the plasma membrane or 
the cytosol.
6.1.3.4. Exchange o f membrane components
Some components o f the liposome lip id  bilayer may exchange with parts 
o f the plasma membrane, without there being any long-term interaction or 
adsorption between the two.
Althou^i four distinct modes o f interaction between liposomes and 
ce lls  have been described above, there is  no reason why more than one 
type o f interaction may not occur at one c e ll surface at any one time.
This makes i t  very d ifficu lt  to know exactly what mechanisms are operating 
and conclusions drawn from results obtained with one c e ll type involving 
liposomes o f a given composition may not be applicable in  other instances.
6.1.4 Experimental evidence o f the interaction o f liposomes with cells
Throughout this Section the word uptake is  used to describe the 
co-recovery o f liposomes with ce lls , and does not necessarily indicate 
any internalization o f liposomal material.
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6.1.4.1. The effects of metabolic inhibitors and cytochalasin B.
The uptake o f mammalian ce lls  o f ','sdlid" ( i . e ,  gel state) or uncharged 
or phospholipid vesicles is  inhibited by cytochalasin B and metabolic 
inhibitors (Poste and Papahadjopoulos, 1976), both inhibitors o f 
phagocytosis. The uptake o f charged " f lu id "  vesicles is  inhibited only 
slightly  by metabolic inhibitors (Stendahl and Tagesson, 1977; Poste and 
Papahadjopoulos, 1976) and cytochalasin B (Poste and Papahadjopoulos,
1976; Weissmann et a l . ,  1977). Poste and Papahadjopoulos (1976) reported 
that SUV and MLV having the same lip id  composition behaved sim ilarly in  
their experiments, suggesting that the type o f lip id  was more important 
than the size o f the vesicles in  determining the mode o f interaction with 
ce lls .
Cyclic AMP had no effect on the growth o f 3T3 ce lls  when administered 
in free solution or contained within "so lid " SUV (Papahadjopoulos et a l . ,  
1974) but, when given in "flu id " liposomes, cyclic AMP caused a 75% 
inhibition o f ce ll growth (Papahadjopoulos et a l . ,  1974). Presumably 
the cyclic AMP was entering the cytosol following fusion o f the liposomes 
with the plasma membrane. Pagano et a l .  (1974) claimed that fusion is  
the major route o f entry o f DOPC (f lu id ) liposomes into Chinese hamster 
V79 fibroblasts, and subsequently stated (Pagano and Huang, 1975) that at 
37°C about 90% o f the phospholipid uptake could-.be accounted for by the 
fusion o f DOPC liposomes with ce lls , the rest being due to lip id  exchange.
The above results a l l  suggest that, whereas "flu id " liposomes enter 
ce lls  mainly by fusing with the ce ll membrane, "so lid " vesicles enter cells  
by endocytosi s •
In contrast, Batzri and Korn (1975), a fter following the fate of 
markers for both the aqueous and lip id  parts o f the liposomes, concluded 
that Amoeba castellan ii internalizes "so lid " vesicles by a fusion process 
and "flu id " vesicles by endocytosis. However, these authors used only 
2, 4—dinitrophenol as a metabolic inhibitor, and did not make use o f  
cytochalasin B in  their attempts to elucidate the possible mechanisms o f
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uptake.
Pagano et a l .  (1978) have shown that azide and deoxyglucose cause only 
slight inhibition o f the uptake o f egg PC, BMPC or DOPC (f lu id ) liposomes 
by fibroblasts and thymocytes. There was no inhibition o f DPPC (so lid ) 
liposome uptake. Cytochalasin B slightly  inhibited the uptake o f egg PC 
liposomes by fibroblasts but there was no inhibition in thymocytes. 
Unfortunately the usefulness o f this study is  limited since, although a 
difference was found between the mode o f uptake o f liposomes in the two 
c e ll types, the use o f cytochalasin B was restricted to the egg PC 
liposomes•
6.1.4.2, The effect o f temperature
Two factors may a lte r the interaction o f liposomes with ce lls  at low 
temperatures. F irstly , the liposome lip id s may undergo a phase 
transition, changing from the liqu id -crystalline ("flu id '1) to the gel 
("s o lid " ) state, and a similar transition may occur in the plasma membrane. 
Secondly, low temperatures may a ffect the metabolism of the c e ll ,  so that 
energy-dependent processes may be halted or seriously curtailed.
At low temperatures the uptake o f charged "flu id " vesicles was only 
partia lly  inhibited (Stendahl and Tagesson, 1977; Poste and Papahadjopoulos, 
1976) whereas that o f uncharged or "so lid " vesicles is  almost abolished 
under sim ilar conditions (poste and Papahadjopoulos, 1976). Studies by 
Batzri and Korn (1975), however, produced results indicating that the 
intake o f "so lid " DPPC liposomes by c e lls  was only partia lly  inhibited by 
low temperatures, whether SUV or MLV, although Poste and Papahadjopoulos 
(1978) comment that the prolonged sonication given to these vesicles may 
have altered their structure so that they were less stable.
I t  has been clearly  shown (Poste and Papahadjopoulos, 1976) that the 
shape o f the graph relating uptake to temperature depends on the 
composition o f the liposomes, and not on whether they are MLV or SUV.
The uptake o f both PC/DSPC/DPPC and PC ("so lid " and uncharged respectively)
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vesicles increases linearly with temperature, but PS/PC (" f lu id " ) liposomes 
show a distinct transition in uptake around 15°C. Poste and Papahadjopoulos 
(1978) argue that a continuous curve o f uptake with temperature is  
indicative o f endocytosis while the curves containing a clear transition  
point show entry o f liposomes by a fusion mechanism. However, results 
obtained at Keele indicate that the uptake o f 12^ -labe lled  PVP by both
rat yolk sac (Duncan and Lloyd, 1978) and peritoneal macrophages (Pratten 
and Lloyd, 1979) is  almost tota lly  inhibited below 15-20°C. I t  appears 
that there is  not only dispute over the mode o f entry o f the various 
types o f liposome at low temperatures, but also over the effect o f these 
low temperatures upon the membrane phenomena themselves.
Since both endocytosis and liposome-plasma membrane fusion are 
diminished a t low temperatures, surface adsorption o f liposomes (without 
any internalization) and lip id  exchange between the vesicles and plasma 
membrane are likely  to be responsible fo r a large part o f the total lip id  
"uptake" ( i . e .  co-recovery) by ce lls  at low temperature. Pagano and 
Huang (1975) found that at 2°C there was more rapid uptake by V79 cells  
o f [^H ] DOPC than of [ '^C  ] cholesterol when both were included in  the 
lip id  phase o f liposomes. In  the same paper they also showed that V79 
ce lls  accumulated I C] DOPC without the uptake o f entrapped [ H ] insulin. 
Such disparate uptake o f hydrophilic and lipophilic substances from the 
same liposomes points to the occurrence o f lip id  exchange between the 
liposomes and the plasma membrane. However, i t  is  more d ifficu lt  to 
prove that co-recovery o f  a l l  components with ce lls  at low temperatures is  
due to solely surface adsorption, even though there is  presumably l i t t le  
endocytosis or liposome-membrane fusion under these conditions.
6.1.4.3. Electron microscopic evidence
Both Magee et a l .  (1974) and Batzri and Korn (1975) have produced 
electron micrographs o f objects resembling liposomes fusing with plasma 
membranes but, since electron micrographs present only a static picture,
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i t  is  d ifficu lt  to be sure that this is  in  fact what is  depicted.
Following the incubation o f liposomes containing horseradish peroxidase or 
radiolabelled substances with ce lls , micrographs showing stained material 
in  the cytoplasm (Magee et a l . ,  1974; Weissmann et a l . ,  1977) or within 
secondary lysosomes (Magee et a l . ,  1974; Batzri and Korn, 1975) have been 
obtained, which o ffe r  evidence o f the events leading up to the time 
depicted, deduced from the location o f the materials within the ce lls .
In  none o f these papers is  the micrographic evidence quoted alone,
suggesting that this technique is  o f only secondary importance, having only 
a supportive ro le .
6.1.4.4. Summary
Liposomes have been widely used in  recent years to investigate many 
membrane phenomena and their interactions with cells have been extensively 
studied. Several reviews have recently appeared (Tyrell et a l . ,  1976b; 
Finkelstein and Weissmann, 1978, and also a collection edited by
Papahadjopoulos, 1978) which give a fu lle r  picture o f  the properties and 
potential uses o f liposomes.
The study o f the interaction o f liposomes with ce lls  is  now an area 
of intense activity, but several questions remain unanswered. However, 
there are indications that at normal temperatures, liposomes are taken 
up into ce lls  by endocytosis or by fusion with the plasma membrane. At 
temperatures just above 0°C this uptake becomes almost negligib le, and 
the main interactions between liposomes and ce lls  take the form of surface 
adsorption or lip id  exchange, without actual internalization o f liposomes. 
I t  seems probable that charged "solid»' and also neutral liposomes enter 
ce lls  mainly by endocytosis, whereas charged "flu id " liposomes are capable 
o f fusion with the plasma membrane (Papahadjopoulos et a l . ,  1975, Poste 
and Papahadjopoulos, 1978).
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6.2 The preparation o f liposomes used in this work
6.2.1 Theoretical requirements of the liposomes
The eventual aim of the work described in  this Thesis was to use 
liposomes to investigate aspects of lysosome function, and so at the outset 
i t  was desirable to choose to make liposomes with properties which would 
favour their interaction with the lysosomal system. This is  probably best 
achievable by using liposomes which are taken up by endocytosis, so that 
the complete liposome is  presented to the lysosomes. The second factor 
that may influence the design of these liposomes is  their ab ility  to hold 
low molecular weight solutes.
Although i t  is  d ifficu lt  to prove that liposomes enter ce lls  solely  
by one route e .g . endocytosis, i t  does seem like ly  that charged " solid" 
liposomes enter ce lls  mainly by an endocytic mechanism (Papahadjopoulos 
et a l . ,  1975, Poste and Papahadjopoulos, 1978). From the point o f view 
o f minimizing permeability o f the bilayers, i t  would seem that an ordered 
structure is  desirable (de Gier et a l . ,  1968; Shaw et a l . ,  1976). This 
may be easily  and consistently attained by the use o f defined lip ids  
that are below their thermal phase transition temperature (Shaw et a l . , 
1976; Tyrrell et a l . ,  1976b). I t  was therefore decided to prepare 
liposomes using synthetic dipalmitoylphosphatidylcholine (DPPC) with small 
amounts o f dipalmitoylphosphatidic acid (DPPA) to give a negative charge 
to the bilayers.
Since the study was primarily concerned to investigate the release of 
substances from lysosomes, i t  was fe lt  that there was l i t t le  justification  
fo r an intense survey o f the interactions of various types of DPPC 
liposomes with c e lls . Therefore, large multilamellar vesicles were 
prepared, so that the population of liposomes used in  experiments was o f  
the widest size range. In this way, there would be a fa i r  chance that 
some of the liposomes would be a  suitable size fo r endocytosis.
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6.2,2 Selection o f substances for entrapment within liposomes
I t  was desired to observe the release of cystine from lysosomes,
following their entrapment within liposomes and administration to rats.
However, because o f  the insolubility  and d ifficu lty  o f detection of
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cystine, i t  was necessary to use I-labe lled  PVP fo r the f i r s t  experiments, 
in which the method o f preparing liposomes was established and developed, 
and the experimental procedures devised. There were several reasons for  
this choice. F irst . ^  -labe lled  PVP is  a macromolecule, which makes 
i t  unlikely that i t  w ill be able to escape from the liposomes once 
entrapped. Secondly, the molecule i s  easy to detect by virtue o f the 
gamma emission o f 125I-iod ide. Thirdly, 125I-labe lled  PVP is  not broken 
down by ce lls  so that one may be sure that PVP is  being monitored, and not
it s  breakdown products. F inally , the molecule is  water soluble, which
• . 125further aids the efficiency of i t s  entrapment. Thus I-labe lled  PVP
may be useful in  determining the va lid ity  o f the experimental systems and
provide a control against which the behaviour o f other entrapped substances
may be compared.
The second substance chosen for study was[ U -^C  ] sucrose, which was 
selected as a small (molecular weight 342) substance which, according to 
several reports (Cohn and Enrenreich, 1979; Lloyd, 1969; Lee, 1970) could 
not permeate the lysosomal membrane. Sucrose i s  much smaller than PVP
and i s ,  by comparison, very similar in  size to cystine (molecular weight 
240). Studies with the sucrose would thus provide some evidence o f the 
fe a s ib ility  o f continuing the study to include cystine.
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Finally, [ Slcystine i t s e l f  was used to investigate the fe a s ib ility  o f 
this system fo r following the escape of disulphides from lysosomes.
• 6.2.3 Preparation o f liposomes containing ^ ^ I-la b e lle d  PVP 
Multilamellar liposomes were prepared using the method o f Shaw et a l.  
(1976) with minor modifications. DPPC (9mg) and DPPA (lmg) were 
suspended in  5ml chloroform» and placed in  a "Quickfit" pear shaped 100ml
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flask  under nitrogen. The suspension was rotary-evaporated in vacuo at 
61°C (20°C above the phase transition temperature o f DPPC) to yield a 
thin film of lip id  on the wall o f the flask .
The lip id  film  was removed, and the liposomes formed, by adding 5mM 
phosphate-buffered saline, pH7.4 (see Section 2 .2 ), and agitating on a 
vortex mixer. The phosphate-buffered saline contained the 125I-labe lled  
PVP to be entrapped. Both the volume o f saline and the concentration o f  
radiolabel were varied in  the f i r s t  series o f  experiments, in  order to 
observe any possible alterations in  the recovery of liposomes. This 
suspension was then le ft  fo r lh at 21°C.
The purification o f the liposomes was achieved using three centrifug­
ation steps. Following each centrifugation (50000g for lOmin in  an MSE 
Superspeed 50 centrifuge at 21°C, rotor no. 59113) the unentrapped 
125I-labe lled  PVP was decanted, and the pellet containing the liposomes 
was resuspended in  2ml o f the saline. The supernatant from the f i r s t  
centrifugation was recycled for use in  la te r experiments.
6 .2 .3 .I. Estimation o f the degree o f entrapment o f 125I-labe lled  PVP
The percentage o f in it ia l  entrapment was estimated by comparing the 
amount o f radiolabel recovered in  the fin a l washed liposome preparation 
with the total radiolabel contained in  the phosphate-buffered saline added 
to the lip id  film  in the flask . The radiolabel in the liposome 
preparations was measured by taking small (l0 -20yl) duplicate samples into 
disposable plastic tubes. The samples were then diluted to 1ml with the 
saline. Similar samples were taken from the f i r s t  supernatant to 
estimate the total radioactivity present, and both were counted as 
described in  Section 2.6.1. The radioactivity in the to ta l volumes o f  
both the in it ia l saline solution and the fin a l suspension o f liposomes 
was then calculated, and the 125r-labe lled  PVP entrapped in it ia lly
expressed as a percentage. The in it ia l  entrapment was also expressed in  
terms o f the amount o f aqueous phase entrapped per unit amount o f lip id
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i . e .  as yl/yffole phospholipid (in  these experiments there were 1.34yMole/mg 
lip id )*  This unit is  a more useful one fo r the purpose o f comparing 
results using different materials (Tyrre ll et a l , , 1976b), but does not, 
of course, take into account any alterations in  the concentration o f  the 
PVP which may occur during the preparation e .g . by adsorption o f PVP to 
the lip id s.
6.2.3.2* The entrapment o f -labe lled  PVP within liposomes o f DPPC
Table 6.1 shows the results o f the series o f  experiments in which the 
concentration o f -labelled  PVP and the tota l volume of phosphate- 
buffered saline added to the lip id  film  were both varied. The Table 
shows two important trends. F irst ly , moving down the columns, i t  can be 
seen that the percentage entrapment drops by approx, half each line , with 
the resu lt that the entrapment expressed in yl/yMole remains almost 
constant in  each column. These figures imply that a similar population 
of liposomes is  produced which ever volume of the saline is  used. The 
smaller results (yl/yjMole) obtained when 0.5ml saline was Used point to 
the practical d ifficu lt ie s  o f  using such small volumes.
Secondly, moving across the Table, the entrapment decreases from le ft  
to right, i . e .  with increasing concentration o f ^^1 -labe lled  FVP. This 
i s  d ifficu lt  to account fo r, although i t  may be similar to the effect  
that Tyrrell and Ryman (1976) commented on vixen experimenting.with resealed 
erythrocyte ghosts. Sessa and Weissmann (1970) reported that the in ter- 
lamellar distance o f their liposomes was 5~12nm, which should be compared 
with the sp3 hybridized carbon-carbon bond length (o f ethane) which is  
O.IBnm (Mahara, 1971). Thus, a linear ^25I-la b e lled  PVP molecule o f 40 
monomers would just bridge the interlamellar space. Such a molecule 
would have a molecular weight o f around 4000, below the specified average 
molecular weight range o f 30000-40000. Clearly, there are many assumptions 
in  this calculation, but they illu stra te  the large size o f the molecules o f  
PVP in  comparison to the interlamellar distance, so that some form of
T a b le  6 .1 In it ia l  entrapment o f I-labe lled  PVP by multilamellar 
DPPC/DPPA liposomes
The liposomes were prepared from lOmg lip id  as described 
in  the text, using the volume o f saline indicated to wash 
the lip id  film  from the wall of the flask . The 
concentration of -labe lled  PVP in the saline is  
indicated. Entrapment is  calculated both as a 
percentage o f the total radiolabel and as y l aqueous phase/ 
VMole phospholipid. Each resu lt is  the mean -  S.E.M. o f 
the number o f experiments (shown in parentheses).
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Concentration o f 1^ 5I--labelled PVP (yg/ml) in the phosphate buffered saline
Volume. 256 500 1000
phosphate-buffered Entrapment Entrapment Entrapment
saline (ml)
% yl/yMole % Vl/yMole % Vl/yMole
0.5 4.82 î  0.48 
(3 )
1.76 t  0.18 
(3 )
3.73 t  0.31 
(3 )
1.36 1 0.19 
(3)
2.80 -  0.26 
(4)
1.02 t  0.10
(4)
1.0 2.65 t  0.19 
(3 )
1.93 t  0.14 
(3 )
2.09 1 0.35 
(4 )
1.53 -  0.25 
(4)
- -
2.0 1.32 t  0.11 
(4)
1.92 -  0.17 
(4 )
1.05 -  0.19 
(3 )
1.53 -  0.26 
(3)
— —
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steric hindrance may occur at high concentrations o f PVP. I t  is  interesting 
that Wacker et a l .  (1976) calculated the SUV they prepared contained only 
1-3 arainopeptidase dimers per liposome.
In  choosing the concentrations and volumes to be employed in  subsequent
experiments, i t  i s  important to avoid unnecessary wastage o f materials.
Since the liposomes contained similar amounts o f radiolabel when the lip id
film  was resuspended in either 1 or 2ml o f the saline, i t  was decided to
125use 1ml in future experiments. I t  was also decided to use the I -  
labelled PVP at a concentration o f 500pg/ml, as this was found more suitable 
fo r the purposes fo r which the liposomes were subsequently needed. The 
preparation o f liposomes, including the fin a l volumes and concentrations 
used, is  described in  Section 2.2.
6.2.3.3. The temperature s tab ility  o f liposomes containing 
-labe lled  PVP
The retention o f radiolabel by liposomes was studied over a range o f  
temperatures in  order to ascertain their su itab ility  fo r administration to 
animals. Liposomes containing -labe lled  PVP, prepared as described 
in  Section 2.2 from 40mg lipids', were diluted to 4ml with phosphate- 
buffered saline, pH 7.4, and divided into 4 x 1ml aliquots. To each o f 
these were added 14ml o f the saline, and the suspensions were then 
incubated at different temperatures. At intervals, a 2ml sample was taken 
from each suspension and centrifuged at 50000g for lOmin (rotor no. 59113) 
in an MSE Superspeed 50 at 21°C. Two 0.5ml samples o f the supernatant 
were then removed and placed in disposable plastic tubes. Saline (0.5ml) was 
added, and the ^ ^ -ra d io a c t iv ity  counted as in  Section 2.6.1. This value 
was expressed as a percentage o f the total radioactivity in the suspension, 
and was taken to represent the amount o f radiolabel that had escaped from 
the liposomes.
o
Figure 6.2 shows that DPPC/DPPA liposomes incubated at 45 C rapidly
F ig u re  6 .2 Release o f entrapped l-labe lled  PVP from multilameliar 
DPPC/PPPA liposomes at different temperatures 
The freshly prepared liposomes were diluted with saline, 
divided into four aliquots, and each incubated at a 
different temperature. At various times, the percentage 
non-sedimentable radioactivity was measured as described 
in Section 6.2.3.3. Each point is  the mean of two
experiments
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Table 6.2 The effect o f Triton X-100 on the release o f
12 ^ - la b e lle d  PVP from multi lamellar DPPC/DPPA 
liposomes
Two otherwise identical preparations were incubated at 
37°C as described in Section 6.2.3.4. One suspension 
contained 0.1% Triton X-100. At 0 and 30min, the 
percentage non-sedimentable radioactivity was measured 
(see Section 6.2.3.3).
Results are mean -  S.E.M o f a number of experiments 
(shown in  parentheses)
Incubation
12 5_
Percentage o f non-sedimentable \E-labelled PVP
time (min)
at 37°C Control + 0.1% Triton X-100
0 7.9 t  2.1 81.7 t  6.7
(6) (6)
30 9.9 i  0.5 104.5 t  1.9
(3) (3 )
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lose nearly half o f the 125r-labelled  PVP in it ia lly  entrapped within 
them. In contrast, those liposomes incubated below the transition  
temperature o f the lip id  (41°C) retained at least 75% of the in it ia lly  
entrapped radiolabel. Since most o f  the loss o f entrapped material
occurred within the f i r s t  5h of incubation, future experiments o f this 
type were limited to 5h duration.
6.2.3.4. The effect o f Triton X-100 on the release o f 12^ -la b e lle d  
PVP from liposomes
The effect o f 0.1% v/v Triton X-100 upon the entrapment of radiolabel
was investigated by preparing two identical diluted suspensions of
liposomes sim ilar to those o f  Section 6.2.3.3. One suspension, however,
contained 0.1% Triton X-100. Immediately, and also a fter 30min 
oincubation at 37 C, a 2ml sample was taken from each suspension, and the 
percentage o f non-sedimentable radiolabel estimated, as in  6.2.3.3.
The results are shown in  Table 6.2. The addition of Triton X-100 to the 
liposome suspensions causes the release o f the entrapped radiolabel, 
implying that the radiolabel is  held in  a lip id  structure of some kind.
6.2.3.5. The entrapment o f 12^ -la b e lle d  PVP within positively  
charged liposomes
Positively charged liposomes were prepared by the replacement of DPPA 
by stearylamine (octadecylamine) in  the description in Section 2 .2 ., thus 
altering the concentration o f lip id  to 1.60yMole/rag lip id . The in it ia l  
entrapment o f !25r—labelled PVP within liposomes o f this type is  shown in  
Table 6.3 and shows that there is  l i t t le  in it ia l  difference between 
liposomes made fï'om either DPPC/DPPA or DPPC/stearylamine in this respect.
6.2.3.6. The temperature stab ility  o f positively charged liposomes 
containing 125I-labe lled  PVP
The s tab ility  o f these liposomes, measured as in Section 6.2.3.3, is  
shown in  Figure 6.3, w h i c h  shows the percentage non-sedimentable radio-
Table 6.3 In it ia l entrapment o f I-labe lled  PVP by liposomes of 
different composition
In the preparation o f positively charged liposomes, DPPA 
was replaced by an equal amount (mg) o f stearylamine, and 
the liposomes so prepared were examined for their 
in it ia l  entrapment o f radiolabel as described in Section 
6.2.3.1. Results are mean -  S.E.M. of a number of
experiments (shown in parentheses).
125
Composition o f  
liposomes
In i t ia l  entrapment o f ^ ï-la b e lled  PVP in  liposomes
prepared from:
20mg lip id 40mg lip id
% yl/ yMole % yl/yMole
DPPC/DPPA
(9 :1 )
(_ve charge)
1.97 -  0.09 
(19)
1.44 1 0.07 
(19)
10CM.O
+ 1 coN_✓
OO.CM 1.46 t  0.18 
(8 )
DPPC/stearylamine
(9 :1 )
(+ve charge)
2.20 -  0.29 
(3 )
1.38 t  0.18 
(3 )
2.47 t  0.28 
(6 )
1.54 t  0.18 
(6 )
Figure 6.3 Comparison o f the ab ility  o f DPPC/DPPA (negatively charged) 
and DPPC/stearylamine (positively charged) liposomes to
125retain I-»labelled PVp at d ifferent temperatures 
A freshly prepared suspension o f multilamellar DPPC/ 
stearylamine liposomes was diluted with saline, divided 
into four aliquots, and each incubated at a different 
temperature. At 0.5 and 5.Oh the percentage non­
sedimentable radioactivity was measured as described in 
Section 6.2.3.3. The data fo r DPPC/DPPA liposomes is  
calculated from Figure 6.2. Each point is  the mean o f two 
experiments.
KEY:
— •—  : DPPC/DPPA liposomes 
— o -  - :  DPPC/stearylamine liposomes
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activity released at different temperatures a fter 0.5h and 5.Oh incubations. 
Clearly, the positively charged liposomes release more entrapped ^25I -  
labelled PVP, particularly at 37°C, than do negatively charged liposomes. 
Whereas the DPPC/DPPA liposomes remain stable up to above 37°C, the DPPC/ 
stearylamine liposomes lose their s tab ility  below 37°C. I t  is  likely  that 
the highly ordered structure o f the bilayers o f the DPPC/DPPA liposomes 
enabled the crystalline state to be maintained until very near the normal 
transition temperature of DPPC, i . e .  41°C. On the other hand stearylamine 
might well have disrupted the bilayer sufficiently  to cause the phase 
transition temperature to drop below 37°C, causing the loss o f stab ility  
which was observed.
6.2.4 The entrapment o f [ U-^4C]sucrose a n d [ c y s t i n e  (as
dihydrochloride) within liposomes, and the temperature 
stab ility  o f these liposomes
14 3 5The method used to entrap l u -  Cl sucrose and l cystine within 
liposomes was similar to that already described for the entrapment of 
125I-labe lled  PVP.
Liposomes containing [U -14C]sucrose were prepared from DPPC/DPPA as
described in  Section 2.2, but with the sucrose at a concentration o f
125500\Jg/ml  replacing I-labe lled  PVP. The estimation o f entrapment and 
stab ility  were measured as for liposomes containing ^2^I-labe l led PVP, 
except that the duplicate 1ml samples were taken into glass phials for 
liquid sc in tilla tion  counting, as described in  Section 2.6.2.
OC
[ SlCystine was received as the dihydrochloride, in 0.1M HC1 and 
in it ia lly  liposomes were prepared using this solution diluted to 
150yg/ml with 0.1M HC1 in  place o f the phosphate-buffered saline. In the 
subsequent washing stages, however, the saline was used. Such a procedure 
might result in  liposomes containing cystine in an acid solution suspended 
in  a medium of saline at pH7»4.
Table 6.4 In it ia l  entrapment o f [U -^C ] sucrose and [*^Sl cystine 
within multilamellar DPPC/DPPA liposomes
Liposomes (prepared from 30mg lip id ) were formed by washing 
the film from the flask  walls with 3.0ml o f the solutions 
indicated. The in it ia l level of entrapment was 
estimated as described in Section 6.2.3.1.
Results are mean -  S.E.M. of several experiments (number 
shown in  parentheses).
Radiolabel entrapped In it ia l  incorporation o f radiolabel in liposomes
% Mole
'^25I-labe lled  PVP, 500yg/ml in phosphate-buffered 3.04 t  0.28 2.22 t  0.20
saline, pH7.4 (4) (4)
[ U-^4C] sucrose, 500yg/ml in  phosphate-buffered 3.94 -  0.27 2.88 t  0.20
saline, pH7.4 (6) (6)
[ 35S]cystine diHCl, 150yg/ml in  0.1M HC1 1.80 t  0.23 1.31 t  0.17
(3) (3)
OC
[ S]cystine, lOOyg/ml in  67mM NaCl 4.62 -  0.46 3.37 t  0.34
(3) (3)
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Subsequently, experiments were performed using [ S] cystine
dihydrochloride which was diluted with NaOH to yield a solution o f lOOyg/ml 
35[ S] cystine in  67mM NaCl. In theory such a solution of cystine would be 
soluble, being below the maximum so lub ility . The d ifficu lty  is  that such 
a concentrated saline may cause an osmotic instab ility  in  the liposomes, 
but to dilute the radiolabel further would make i t  very d ifficu lt  to detect 
in some experiments.
The in it ia l level o f entrapment of these substances i s  shown in Table 
6.4. The percentage entrapment o f sucrose and cystine was a l i t t le  higher 
than that o f PVP except for that o f cystine dihydrochloride in  0.1M HC1,
The results are a l l  in  the range 1.3 -  3.4pl/yMole, values broadly in  
agreement with other work, e .g . 2.5 -  3«7yl/pMole using amyloglucosidase 
(Gregoriadis et a l . , 1971), 3 .8pi/ii>'ole using insulin (Patel and Ryman,
1976), 2.5 -  3.8yl/i/iole using glucose and Cr042“ (Weissman et a l . ,  1975), 
and with the average value o f 1.8yl/pMole quoted by Finkelstein and 
Weissmann (1978).
The stab ility  o f these liposomes was measured as described in Section 
6.2.3.3, the percentage non-sedimentable radiolabel being measured after 
0.5 and 5.Oh incubation at the various temperatures. The results are shown 
in Figures 6.4 ([ U-^C] sucrose) and 6.5 ([ 2 S^] cystine dihydrochloride).
These Figures show that in  every instance the liposomes were stable at 
4°C, i . e . ,  there was no release o f entrapped radioactivity a fter 5h 
incubation at this temperature. Sim ilarly, the liposomes were fa ir ly  
stable at 25 C, only those liposomes containing I S] cystine dihydrochloride 
in  Q.1M HC1 releasing more than 20% of the in it ia lly  entrapped radioactivity. 
At 37°C, only [ U-^4Cl sucrose remained entrapped within negatively charged 
liposomes. At this temperature DPPC/DPPA liposomes could not retain  
[ cystine dihydrochloride, (whether in it ia lly  in  0 .1M HC1 or 67mM NaCl), 
At 45°C a maximum o f approx. 60% o f the radiolabel remained entrapped after  
5h incubation, indicating that there was widespread disruption o f the 
liposomes at this temperature.
Figure 6.4 Release o f entrapped [U - C]sucrose from multilamellar 
DPPC/DPPA liposomes at different temperatures 
The freshly prepared liposomes were diluted with saline, 
divided into four aliquots, and each incubated at a 
different temperature. At 0.5 and 5.Oh the percentage 
non-sedimentable radioactivity was measured as described 
in  Section 6.2.3.3. Each point is  the mean o f two 
experiments•
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Figure 6.5 Release of entrapped [ S]cystine from multilaneliar 
DPPC/DPPA liposomes at different temperatures 
The freshly prepared liposomes were diluted with saline, 
divided into four aliquots, and each incubated at a 
different temperature. At 0.5 and 5.Oh the 
percentage non-sedimentable radioactivity was measured 
as described in Section 6.2.3.3.
KEY:
—•—  : Liposomes prepared containing [^ s l  cystine
dihydrochloride (I50pg/ml) in  0.LMHC1.
(Mean i  S.E.M., 3 experiments)
3 5— O : Liposomes prepared containing [ °S]cystine (lOOUg/ml)
in 67mM KaCl (Mean o f two experiments)
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6.3 Discussion
The experimental evidence given in  this Chapter had a significant 
part to play in deciding the subsequent direction o f the work.
The f i r s t  series o f experiments showed the feas ib ility  o f preparing 
liposomes from either a DPPC/DPPA or DPPC/stearylamine lip id  film , and 
that ^ ^ 1 -labe lled  PVP could be entrapped within such liposomes. These 
liposomes were disrupted by 0.1% Triton X-100. In addition, the physical 
limitations o f the technique were established, e .g . the f a l l - o f f  in  the 
entrapment when volumes below 1.0ml were used to resuspend the lip id  film .
The ab ility  o f these liposomes to retain entrapped ^^1 -labe lled  PVP 
depends both on the charged lip id  (DPPA or stearylamine) and the 
temperature. The negatively charged DPPC/DPPA liposomes were stable as 
judged by the non-sedimentable activity o f -labelled  PVP at temperatures 
up to and including 37°C, whereas the positively charged (DPPC/stearylamine) 
ones released much of the entrapped radiolabel at 37°C and above. This 
lowering o f the thermal stab ility is  probably the result o f a perturbation 
o f the lip id  bilayers by stearylamine, which lowers the thermal phase 
transition temperature o f the bilayer from around 4l°C to below 37°C.
The later comparative study showed that [ U-14C]sucrose and [ 35S] cystine
dihydrochloride could also be entrapped within negatively charged DPPC/
35DPPA liposomes. The liposomes were less able to retain [ S] cystine
dihydrochloride, possibly because o f the osmotic or pH imbalance between
the interior o f the liposomes and the external matrix. The thermal
r 14 1stab ility  o f the liposomes containing IU - CJsucrose was similar to that of 
similar liposomes containing -labe lled  PVP, suggesting that there was 
no alteration o f the thermal phase transition temperature in  sucrose- 
containing liposomes.
The levels o f entrapment attained in  a l l  the experiments are o f the 
same order as published data (see Section 6 .2 .4 ), though perhaps a l i t t le  
on the low side. A high level of entrapment (yl/jitole lip id ) i s  due to
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adsorption o f material to the lip id  as well as actual entrapment of 
material as solute in the aqueous phase. I t  is  probable, therefore, that 
results which are slightly  lower them reported values are indicative of 
entrapment o f material solely as solute in  the aqueous phase.
The stab ility  o f the DPPC/DPPA liposomes containing ^^1 —labelled  
PVP or [ U-14C]sucrose at 37° C means that there should be no thermal 
instab ility  o f these liposomes when administered to the liv ing animal. 
There may, however, be release o f radiolabel from liposomes containing 
cystine dihydrochloride under sim ilar conditions.
CHAPTER 7
The blood clearance and tissue distributions of 
non-entrapped and liposome-entrapped substances 
injected into rats
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7,1 Introduction
Three conditions must be met i f  any uptake o f liposomal material into 
ce lls  i s  to occur in vivo« F irst , the liposomes must remain intact until 
they have been interiorized. Secondly, liposomes administered to animals 
must reach the vicinity o f ce lls  to be taken up by them; and fin a lly , the 
liposomes must interact with the surface o f the cells in  some way, in  
order to in itiate  one o f the various possible modes o f uptake discussed 
in  Section 6.1.3«
The stab ility  o f liposomes can be estimated in  v itro , as has been 
done in  Chapter 6, but such experiments can only be a guide to the 
stab ility  o f the liposomes in  vivo. Papers have been published 
reporting the stab ility  in vivo o f liposomes administered by the 
intravenous (Gregoriadis and Ryman, 1971j Gregoriadis, 1975), in tra - 
peri tone a l (Dapergolas et a l . ,  1976) and intragastric (Dapergolas et a l . ,
1976j. Patel and Ryman, 1977) routes.
Although i t  is  a fa ir ly  straightforward task to ascertain the 
stab ility  o f liposomes, i t  is  more d iff ic u lt  to deduce from experimental 
evidence whether either o f the two other conditions have been met. The 
pia-tn reason fo r this d ifficu lty  has been the lack o f a technique sensitive 
enough to monitor the distribution o f liposomes throughout the liv ing  
animal. The use o f  99mTc-labelled liposomes followed by external 
scanning using a y-camera (Ryman et a l . ,  1978) i s  one technique that could 
provide information on where the liposomes travel before they become localised  
in particular tissues, so that the a b ility  of tissues to take |ip liposomes 
can be seen in  relation to the concentration o f liposomes in  the vicinity  
o f the tissue. The majority of the literature, however, deals with the 
recovery o f liposomal materials in  tissues, which implies that a l l  three 
conditions have been met. I t  cannot be inferred, however, that those 
tissues that do not take up liposomes have not had the opportunity to do s
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Gregoriadis and coworkers have investigated the effect o f the route o f 
administration on the subsequent distribution o f liposomes in  the rat 
(Dapergolas et a l . ,  1976; Gregoriadis et a l . ,  1976). They found that 
intravenous administration o f radiolabelled liposomes led to a much 
increased recovery o f radiolabel in  the liv e r , compared with uptake of 
unentrapped radiolabel. Entrapment in  MLV resulted in  maximal hepatic 
uptake, although uptake into tumour tissue was greatest with SUV. There 
was l i t t le  hepatic uptake o f intramuscularly administered radiolabel, 
whether within liposomes or not. A lowering o f the blood glucose levels 
followed the intragastrie administration o f liposomes containing entrapped 
insulin to diabetic - -  rats (Dapergolas and Gregoriadis, 1976), an 
observation interpreted as showing that intact insulin had entered the 
bloodstream. In  a similar experiment 0.17% of the dose of in tra - 
gastrically  administered -labe lled  PVP was recovered in the liv e r, 
more than double the recovery o f unentrapped radiolabel.
Jonah et a l .  (1975), using liposomes of various compositions, found that 
lh  a fter the intravenous injection o f liposome-entrapped [14C]EDTA into 
mice, 36% -  43% of the dose was recovered in the liv e r . The lowest uptake 
was with positively charged, the highest with neutral liposomes. In  
addition the spleen took up between 5 and 8% and the bone marrow 5% -  7% 
of the dose (maximum with negatively charged liposomes). Uptake by the 
lungs was 10% using positively charged liposomes and around 5% using the 
other types, and uptake by the kidneys reached 1% using charged liposomes. 
Recovery of radioactivity in  the brain was very low, but followed the
pattern o f uptake by the lungs. In  a similar survey, Richardson et a l .
99tn(1977), found that 29h after injection o f Tc-labelled liposomes, 24% 
of the radiolabel from positively charged or neutral liposomes and 12% 
from negatively charged liposomes was recovered in the liv e r . Subsequently, 
an investigation o f the effect o f size in  the distribution o f negatively 
charged liposomes (Sharma et a l . ,  1977) found that recovery in  the live r,
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spleen and lungs followed the order LUV > MLV > SUV.
In an e ffo rt  to increase the uptake o f liposomes by tissues other than 
the liv e r, liposomes have been produced which incorporate specific  
antibodies into the outer lip id  bilayer. Gregpriadis and Neerunjun (1975) 
found that the uptake o f liposomes by ce lls  in vitro was enhanced when the 
liposomes were associated with IgG immunoglobulins raised against the 
specific ce ll strain . The uptake by dogfish phagocytes o f liposomes 
coated with aggregated IgG was much higher than that o f  uncoated vesicles 
(Weissmann et a l . ,  1975). When liposomes containing IgG raised against a 
tumour were used in  vivo the modest increase in  tumour tissue uptake was, 
overshadowed by large rises in  the recoveries o f liposomal material in  
both the liv e r and spleen (Neerunjun et a l . ,  1977). The general 
stimulation in  uptake was probably due to the low specificity o f  the 
immunoglobulins used.
The eventual fate o f  liposomes administered to liv ing animals depends 
upon both the nature o f the liposomes and the route o f  administration. 
Intravenously administered liposomes accumulate mainly in  the liv e r  (Jonah 
et a l . ,  1975; Dapergolas et a l . ,  1976; Gregoriadis et a l . ,  1976; Richardson 
et a l . ,  1977), although there i s  a slight variation in  the degree o f uptake 
depending on the charge and size o f liposomes used. where more restricted  
routes o f administration are used, i . e .  the intraperitoneal, intramuscular 
and intragastric routes, the uptake o f the liposomes is  more limited 
(Dapergolas et a l . ,  1976; Gregoriadis et a l . ,  1976) although the liv e r  s t i l l  
apparently accounts for the majority o f the uptake that occurs. I t  seems 
that, following the intramuscular injection o f liposomes, only radiolabel 
entrapped within SUV is  able to reach the blood, and a larger area o f the 
body (Dapergolas et a l . ,  1976). I t  may be possible to exploit this limited 
mobility o f liposomes administered to some sites to restrict the uptake of 
MLV to ce lls  o f a certain type, although this could only be u tilised  in 
certain cases, e .g . the treatment o f rheumatoid arth ritis  by intra-articu lar
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injection o f drug-containing liposomes (Shaw et a l . ,  1976).
In this Chapter, the clearance and the tissue distribution o f  
intravenously administered MLV containing 1 2 -labelled  PVP, [ U-*4C] sucrose 
and p S ] cystine are studied, and the results compared with those obtained 
using simple solutions o f the radiolabels. The findings are then discussed 
in relation to the literature.
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7.2 The clearance o f intravenously injected substances from the 
bloodstream of the rat
The substances in  5mM phosphate-buffered saline. pH 7.4, were 
injected into male Wistar rats weighing 250-350g as described in  Section 
2.7. At successive time intervals, a sample o f blood was taken (see 2 .8 ), 
and treated in  order to count the contained radioactivity (Sections 2.8.1 -  
2 .8 .3 ). This radioactivity was expressed as a percentage o f  the dose 
administered, using the formula o f Benacerraf et a l. (1957), who estimated 
that the blood volume of the rat was 7.2cc/100g body weight.
7.2.1 -labe lled  PVP
The solution o f ^ - l a b e l l e d  PVP used in  these experiments contained 
50Jg/ml, and was injected to a concentration o f 50pg/kg body weight. The 
liposome-entrapped 12^ -la b e lle d  PVP was also injected to a concentration 
o f 50ug/kg body weight, and was prepared as described in  Section 2.2. 
Control experiments were performed by injecting unentrapped 125I-labe lled  
PVP (50yg/kg body weight) together with liposomes prepared using saline 
without any radiolabel. The results are shown in  Figlare 7.1. The 
clearance of unentrapped ^ - l a b e l l e d  PVP is  biphasic. In it ia lly ,  
there is  a rapid removal o f radiolabel from the blood, until a fter 10 -  15 
min approx. 60% o f the injected dose remains. After this point further 
clearance is  much slower, so that even after 120 min (not shown) approx. 
40% remains in the blood. The clearance o f DPPC/DPPA (negatively-charged) 
liposomally entrapped radiolabel follows a smooth curve. When plotted on 
a semi logarithmic scale (Figure 7.2) this yields a straight line , which 
implies that the clearance follows f i r s t  order kinetics. The clearance 
o f  unentrapped 12^ -la b e lle d  PVP in  the presence o f sa lin e -filled  liposomes
was sim ilar to that o f unentrapped radiolabel alone, indicating that the 
clearance o f liposome-entrapped radiolabel was due to the uptake by tissues 
of intact liposomes, and not merely to lipid-associated radiolabel.
F ig u re  7 .1 Clearance o f injected non—entrapped and liposome-entrapped 
125
I-labe lled  PVP from rat bloodstream
125
I-Labelled PVP (approx. 5C*ig/ml) was injected into rats 
(see Section 2.7) to a concentration o f 50pg/kg body weight, 
whether or not i t  was entrapped within multilameliar DPPC 
/DPPA liposomes. At the times shown, 5CVil blood was taken 
from the right foot pad o f the rat and the 125I-radioactivity  
counted (see Sections 2.8 and 2.8.1)
KEY
125 *4»
Non-entrapped I-labe lled  PVP (mean -  S.E.M., 3 expts.) 
Multi lame lia r  DPPC/DPPA liposome—entrapped labelled
PVP (Mean -  S.E.M., 4 experiments)
125
Non—entrapped I —labelled PVP plus saline—fi l le d  multi-
lamellar DPPC/DPPA liposomes (Mean -  S.E.M., 3 expts.)
Minutes after injection
l
\
Figure 7.2 Clearance of injected liposome-entrapped I-labe lled  PVP 
from rat bloodstream
Data from Figure 7.1 relating to the clearance of multi- 
lamellar DPPC/DPPA liposome-entrapped ^^1 -labelled  PVP (■) 
replotted to a semilogarithmic scale.
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The clearance o f 12 ^ - la b e lle d  PVP entrapped in DPPC/stearylamine 
(positively charged) liposomes was also measured. Between 25% and 30% of 
the injected radioactivity was detected in  the blood between 2 min and 2h 
after the injection o f the liposomes. Clearly, the PVP behaves differently  
when entrapped within positively charged liposomes. There are three 
possible explanations fo r th is. I t  is  possible, but unlikely, that in each 
o f the experiments using positively charged liposomes, the bulk of the 
radioactivity was not injected into the bloodstream Secondly, since the 
DPPC/stearylamine liposomes are less able to retain 32^ -la b e lle d  PVP at 
37 C than DPPC/DPPA liposomes, the clearance observed might be due to 
unentrapped PVP, though this does not explain the rapid drop to only 30% 
remaining 2min a fter injection. F inally , the positively charged 
liposomes may have become aggregated so that they did not enter the 
circulation immediately, and the radioactivity was removed from the blood­
stream at approximately the same rate as the aggregation was broken down.
Returning to the biphasic clearance o f unentrapped 125I-labe lled  PVP,
enquiries to The Radiochemical Centre at Amersham requesting information
about the molecular weight range o f ^ - l a b e l l e d  PVP and the distribution  
125
o f I-rad ioactivity  throughout this range produced the graph shown in
Figure 7.3 upper. Although the stated mean molecular weight is  approx. 
30,000 -  40,000, a large proportion o f the molecules are shown as being 
less than 20,000, and the distribution has a pronounced skew. We wondered 
i f  the large range o f molecular weights involved (8,000 -  80,000) might be 
sufficient to allow the smallest molecules to pass through the glomeruli 
of the kidney, whilst the larger molecules remained in the circulation.
This would explain the biphasic clearance o f 12^ -la b e lle d  PVP, since there 
would be a rapid in it ia l  clearance o f the smaller molecules through the 
kidney, followed by slower removal o f the remaining larger molecules.
In  order to obtain an estimate o f the «cut o f f  point« i . e .  the largest 
molecular weight o f molecule which could traverse the glomerulus, the data
Figure 7.3 
(Upper)
Figure 7.3 
( Lower)
Molecular weight d istribution o f I - la b e lle d  PVP 
Supplied by The Radiochemical Centre, Amersham.
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PVP from ra t bloodstream
Data from Figure 7.1 re la ting  to the clearance o f
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o f Figure 7.1 relating to unentrapped ^ - l a b e l l e d  PVP was recalculated 
on a semilogarithmic graph (Figure 7.3 lower). a straight line drawn 
through the points between 15 and 60min w ill  intercept the y-axis at a 
point corresponding to the amount o f 125I-labe lled  PVP in  the «larger  
molecular weight pool", since almost a l l  o f the "low molecular weight pool« 
has presumably been cleared by ISmin. This line intercepts at 55.6%, so 
that presumably 44.4% of the ^ - l a b e l l e d  PVP is  capable o f .psassing 
through the glomeruli. In  order to transfer this estimate into a 
molecular weight lim it fo r the rat glomerulus, the lower molecular weight 
44.4% o f the area under the curve o f Figure 7.3 (upper) must be identified. 
This fraction includes PVP up to molecular weight approx. 27,500, a figure  
in  close agreement with the statement made by Gartner et a l .  (1968), that 
«the pores in  the glomerular cap illaries hardly allow PVP molecules o f a 
molecular weight o f 25,000 to pass.« More recent work by Morgan and 
Soothill (1975) has shown that the excreted ^ I - l a b e l l e d  PVP found in the 
usne i s  o f lower molecular weight than that which remains in  the body.
7.2.2 [ U-14C] Sucrose
The concentrations o f sucrose administered in  these experiments were 
identical to those o f ^ - l a b e l l e d  PVP used in  Section 7.2.1: a 50Mg/ml 
suspension was injected to a concentration o f 50pg/kg body weight. The 
clearance o f unentrapped and liposome-entrapped [ U-l4C ] sucrose, and also 
o f unentrapped I U-l4C) sucrose in  the presence o f sa lin e -fille d  liposomes 
are shown in Figure 7.4.
As for -labe lled  PVP, the clearance o f unentrapped sucrose was 
the same whether or not sa lin e -filled  liposomes were also injected. In  
both cases over 80% of the radiolabel was removed from the serum within 
lOmin but the remaining radiolabel was cleared only slowly. Liposome- 
entrapped [ U-14C] sucrose was cleared much more slowly and, when these 
data were replotted on a •.semilogarithmic graph (Figure 7.5),  the clearance
F ig u re  7 .4  C le a ra n ce  o f  in je c t e d  n o n -en trap p ed  and lip o so m e -en trap p ed
14[U - C] sucrose from ra t bloodstream
[U-^4C] Sucrose (approx. 50pg/ml) was in jected  in to  rats
(see Section 2.7) to a concentration o f  5fyg/kg body
weight, whether or not i t  was entrapped within m ulti-
lam ellar DPPC/DPPA liposomes. At the times shown, 5Cm
blood was taken from the righ t foot pad o f the rat and 
14the C -radioactivity  counted (see Sections 2.8 and 2.8.2)
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: Non-entrapped [ U -^C ] sucrose plus s a l in e - f i l le d  m ulti- 
lam ellar DPPC/DPPA liposomes (Mean -  S.E.M., 3 expts.)
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ra t  bloodstream
Data from Figure 7.4 re la tin g  to the clearance o f  m ulti- 
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was found to be f i r s t  order. Again, the entrapment o f the rad io label 
within liposomes has altered the rate o f removal o f the rad io labe l from 
the blood. That the difference i s  due to entrapment and not just  
association o f the rad io label with the lip id s  i s  shown by the clearance 
o f rad io labe l observed in  the control experiments with s a lin e - f i l le d  
liposomes.
7.2.3 [35S]Cystine
35In  th is series o f  experiments, [ S]cystine was injected to a 
concentration o f  lOyg/kg body weight, whether or not i t  was entrapped 
within liposomes. The resu lts  obtained (shown in Figure 7.6) were almost 
identica l to those obtained using [U -^ C ] sucrose. There was rapid  
removal o f 80% o f the in jected unentrapped rad io labe l, whether alone or in  
the presence o f  s a lin e - f i l le d  liposomes. The liposomally entrapped
cystine was cleared more slow ly, and again th is clearance appeared 
as a straight line when replotted in  Figure 7.7, indicating a f i r s t  order 
clearance.
F ig u re  7 .6 Clearance o f in jected non-entrapped and liposome-entrapped 
35[ S ]cystine from rat bloodstream
O C
[ S]Cystine (approx. lOpg/ml) was in jected into rats (see
Section 2.7 ) to a concentration o f lCMg/kg body weight,
whether o r not i t  was entrapped within multilamellar DPPC/
DPPA liposomes. At the times shown, 5Qil blood was taken
35from the righ t foot pad o f the ra t and the S -rad ioactiv ity  
counted (see Sections 2.8 and 2 .8 .3 ). (Each point i s  the 
mean -  S.E.M. o f three experiments.)
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(prepared from lOOpg/ml [ S ] c y s t i n e  in  67mM NaCl).
35Non-entrapped [ Si cystine plus s a lin e - f i l le d  multi­
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Figure 7.7 Clearance o f  in jected liposome-entrapped [ Si cystine from 
ra t  bloodstream
Data from Figure 7.6 re la ting  to the clearance m ulti- 
lam ellar DPPC/DPPA liposome-entrapped [^ S ]  cystine (v )  
replotted to a semilogarithmic sca le .
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7.3 The tissue distribution o f substances intravenously injected Into 
the rat
The substances are injected, as described in  Section 2.7, into male 
Wistar rats weighing 250 -  350g. A ll the rats were fasted for I8h before 
sacrifice , at which point the tissues were removed for estimation o f the 
radioactivity, as described in Sections 2.9.1 -  2.9.3. For the urine and 
faeces, the cumulative tota l radioactivity was estimated over the time 
from injection o f radioactivity to sacrifice o f the animal. Thus the 
data fo r urine and faeces give the total excretion, whereas for the tissues, 
the content o f radioactivity at the point o f  sacrifice is  estimated. A ll 
data is  the total radioactivity in  the tissue (or urine or faeces) expressed 
as a percentage o f the injected radioactivity.
7.3.1 325I-labe lled  PVP
The results o f the experiments to determine the tissue distribution  
o f injected 12^ -la b e lle d  PVP (50yg/kg body weight) under different a 
conditions are shown in Table 7.1. The distributions f a l l  into three 
classes.
Whenever non^entrapped 32 -labe lled  PVP was injected, most o f the 
radiolabel was recovered in the urine and also in the blood. The 
recoveries o f  non-entrapped " ^ - l a b e l l e d  PVP in  various tissues is  
consistent with there being l i t t le  uptake o f PVP by ce lls , so that the 
radiolabel remains in  the bloodstream for a long period. Consequently, 
the smaller molecules o f PVP are liab le  to be excreted by the kidneys 
resulting in  high recoveries in  the kidneys (in it ia l ly ) and urine. This 
f i t s  in with the fate of injected 12^ -la b e lle d  PVP that was proposed in  
Section 7.2.1, namely rapid clearance o f the smaller molecular weight 
fraction o f PVP, followed by slower clearance of the larger molecules.
I t  is  clear that entrapment o f 32^ -la b e lle d  PVP within negatively 
charged MLV significant!y affects it s  tissue distribution following
T a b le  7 .1 T is su e  d i s t r i b u t i o n s  o f  n o n -en trap p ed  and lip o so m e -en trap p ed
Notes
* 12 5I.
Data
l?e
I - la b e lle d  PVP in jected  in to  rats
i p  cr
° I-L a b e lled  PVP (approx. 5Qjg/ml) was in jected  in to  rats 
(see  Section 2 .7 ) to a concentration o f  50yg/kg body weight, 
whether or not i t  was entrapped w ithin liposomes. A t the
times shown a ft e r  in jec tion , the ra t was sa c r ific ed  and the
12 .
j[ -rad ioactiv ity  o f the various tissues determined as
described in  Section 2.9 .1 . The data fo r urine and faeces
are therefore a cummulative figu re  o f  the to ta l excreted
rad io labe l. Figures are the mean -  S.E.M. o f the number of
experiments ( in  parentheses).
-ve liposomes: multilameliar DPPC/DPPA liposomes
+ve liposomes: multilameliar DPPC/stearylamine liposomes
■labelled PVP (unentrapped) plus s p l in e - f i l le d  -ve liposomes (2h ). 
fo r  ra d io a c t iv ity  in  kidney and urine combined is  31.20 -  3.93%.
Substance In jected:
Time after  
Injection  
(h )
Percentage o f Dose in  Tissue
Liver Kidney Spleen Thyroid Urine Faeces Blood
22 h -labe lled  PVP 
(unentrapped)
2 2.09^0.20
(16)
3.2ltl.03
(4)
0.22t o .02
(4)
0.18
(1)
37.98t2.88
(4)
n.d. 37.79t3.39
(3)
^ ^ - la b e l le d  PVP 
(unentrapped)
24 8»14-1,38
(4)
1.27to.22
(4)
1.45to.l4
(4 )
0.43to.10
(3)
49.87t2.92
(4)
5.2oto.72
(4)
n.d.
22^ -la b e lle d  PVP 
(in  -ve liposomes)
2 61.81^6.08
(5)
2.1oto.55
(4)
5.99tl.32
(4)
0.01
(1)
1.94to.70
(4)
n.d. 4.95tl.37
(4)
125I-la b e lled  PVP 
(in  -ve liposomes)
24 55.65^7.75
(4 )
0.53to .07 
(4)
7.86to.83
(4 )
0.33to.21
(3)
20.9 t2.22 
(4)
1.58to.50
(4)
n.d.
22^ - la b e lle d  PVP 
( in  -ve liposomes)
48 54.82t4.57
(3)
n.d. n.d. n.d. n.d. n.d. n.d.
125I-la b e lled  PVP 
(unentrapped) plus 
sa lin e -fi lle d  -ve 
liposomes
2 2.1 lto .l7
(3)
12.0ot8.92*
(3)
0.26to.03
(3 )
0.06
(2)
19.20t8.62*
(3 )
n.d. 45.6lt2.40
(3)
125I-la b e lled  PVP 
(in  +ve liposomes)
2 33.69t8.25
(3)
3.56to.29
(3)
0.87to.l7
(3 )
0.05to.04
(3)
lO.O7t 4.Ol
(3 )
n.d. l 8.84t 5.OO
(3)
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injection o f the liposomes. There is  a massive uptake o f radiolabel by 
the liv e r , and uptake into the spleen also occurs. The levels o f 
radioactivity in the liv e r decrease s ligh tly  from 2h to 48h after  
injection, while the amount in the spleen increases slightly  over the 
period from 2h to 24h. The amount o f radiolabel accumulating in  the 
urine is  20.9% after 24h, which indicates a large loss of PVP from 
unidentified tissues between 2h and 24h.
An intermediate distribution was found when the 32^ -la b e lle d  PVP was 
injected entrapped within positively charged liposomes. This may have 
been due to the frag ile  nature o f these liposomes (see Sections 6.2.3.6 
and 7 .2 .1 ).
7.3.2 r U-^Ci sucrose
Table 7.2 shows the tissue distributions found following the injection  
of (U-14Cl sucrose (50yg/kg body weight) under different conditions.
Unlike PVP, sucrose can be slowly metabolised by the ra t, so that there is  
no guarantee that the radiolabel is  always [ U-14C] sucrose. Non-entrapped 
sucrose rapidly appeared in  the kidneys, and after 43h approx. 80% o f the 
radiolabel was recovered in the urine. I t  is  interesting to note that 
there was more radiolabel recovered in  the blood a fter 48h than a fter 2h, 
suggesting that at least some o f the later radioactivity is  due to
14
metabolized [U - C]sucrose. No significant accumulation o f radiolabel 
was observed in  either the live r or spleen at either 2 or 48h.
14
When IU - C]sucrose entrapped within negatively charged liposomes was 
injected into rats over half o f the radioactivity was recovered within 
the liv e r 2h after administration. This uptake was coupled with an 
increased recovery o f  radiolabel in  the spleen. After 48h, there was 
s t i l l  approx. 5% of the radioactivity associated with the liv e r , and 
urinary excretion was about half that observed when non-entrapped sucrose 
had been injected.
T a b le  7 .2  T is su e  d i s t r i b u t i o n s  o f  n o n -en trap p ed  and lip o so m e -en trap p ed
Notes
14[U - C] sucrose injected into rats
[U -14C] Sucrose (approx. 50jjg/ml) was in jected into rats (see
Section 2.7) to a concentration o f 50pg/kg body weight,
whether or not i t  was entrapped within liposomes. At the
times shown a fte r  in jection , the rat was sacrificed  and the 
14C -radioactiv ity  o f the various tissues determined as 
described in  Section 2 .9 .2 . The data fo r  urine and faeces 
are therefore a cummulative figure o f the to ta l excreted 
rad io labe l. Figures are the mean i  S.E.M. o f the number of 
experiments (in  parentheses).
-ve  liposomes: multilamellar DPPC/DPPA liposomes
Substance Injetted Time a fter  Injection  
(h )
Percentage of Dose in  Tissue
Liver Kidney Spleen Urine Faeces Blood
r 14 jl U— Cl Sucrose 
(unentrapped)
2 0 .8 4 ^ 0 .2 3  
(3 )
4 7 .5 8 —8 .9 5
(3 )
0 .0 9 ^ 0 .0 2
(3 )
1 2 .3 9 l6 .2 9
(3 )
n.d. 2 .37I 0.78
(3 )
[U— C]gUcrose 
(unentrapped)
48 0 . 1 2 i o . l l
(3 )
0 .0 7 ^ 0 .0 4
(3 )
0 . O l io . 01
(3 )
8 0 .0 8 1 6 .6 7  
(3 )
1 .7 6 l l . 2 2
(3 )
5 .7 3 1 2 .5 5
(3 )
[ U-^^Clsucrose 
(in  -ve liposomes)
2 5 7 .9 6 ^ 4 .0 4
(3 )
3 . 7 2 t l . 6 0
(3 )
3 . 7 3 l l . 5 3
(3 )
4 .0 2 lo .6 3
(3 )
n.d. 2 .2 6 lo .4 8
(3 )
IU-14C Isucrose 
(in  -ve liposomes)
48 4 .6 4 ^ 0 .5 5
(4 )
0 .2 6 ^ 0 .1 3
(4 )
0 .4 5 lo .0 9
(4)
3 8 .0 3 l5 .1 4
(4)
3 .2 0 l0 .1 0
(4)
1 .6 7 l l . 4 1
(4)
[ U—^ CJsucrose 
(unentrapped) plus 
sa lin e -fi lle d  -ve 
liposomes
2 2 . 7 l i o . 5 4
(3 )
3 8 . 7 l l o .3 6
(3 )
0 .2 5 1 0 .1 0
(3 )
1 1 .9 7 1 2 .9 6  
(3 )
n.d. 4 .7 5 lo .2 2
(3 )
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In  control experiments, where non-entrapped[ U-14q sucrose was 
injected together with sa lin e -filled  negatively charged liposomes, the 
tissue distribution was similar to that observed when non-entrapped sucrose 
was injected alone* Slightly raised values for the recovery o f radio- 
label in live r and spleen were, however, noted,
7.3.3 [ 35S]Cystine
Radiolabelled cystine was injected in these experiments to a 
concentration o f lOJg/kg body weight. The results'are shown in  Table 
7.3. Unlike the other two substances, cystine was taken up significantly  
by the liv e r  a fte r injection in the non-entrapped form. After 48h, there 
was l i t t le  radiolabel recovered in  any o f the tissues examined, and there
was only approx. 30% o f the radiolabel in the urine.
35
When [ S]cystine entrapped within negatively charged MLV was injected, 
nearly three times as much radioactivity was recovered in  the liv e r  
(approx. 35%) compared with the recovery following injection o f non- 
entrapped cystine. Again, this was accompanied by an increased uptake 
into the spleen, although, a fter 48h, there was l i t t le  radiolabel remaining 
in  either the liv e r (approx. 3%) or spleen.
The tissue distribution o f [ 35S] cystine 2h a fter the injection o f non- 
entrapped cystine with sa lin e -filled  liposomes was almost identical to 
that o f the experiments where only non-entrapped cystine was injected.
I t  should be pointed out that in  a l l  o f these experiments the maximum 
recovery o f radiolabel in  the tissues examined was only approx. 40% of that 
injected, which contrasts with both 125I-labe lled  PVP and [ U-l4C] sucrose.
T a b le  7 .
Note
Tissue d istributions o f non-entrapped and liposome-entrapped 
35[ j  Sl cystine in jected into rats  
35[ S]Cystine (approx. lOyg/ml) was in jected into ra ts  (see
Section 2.7) to a concentration o f lOyg/kg body weight,
whether or not i t  was entrapped within multilameliar DPPC/
DPPA liposomes (prepared from 10Qig/ml [ S] cystine in  67mM
N aC l). At the time shown a fte r  in jection , the rat was
35sacrificed  and the S -rad ioactiv ity  o f the various tissues 
determined as described in  Section 2 .9 .3 . The data for  
urine and faeces are therefore a cummulative figu re  o f  the 
to ta l excreted rad io labe l. Figures are the mean i  S.E.M. 
o f  the number o f experiments ( in  parenthesis).
-ve liposomes: multilameliar DPPC/D1PA liposomes
Substance Injected Time after  
Injection  
(h)
Percentage of Dose in  Tissue
Liver Kidney Spleen Urine Faeces Blood
l 35S] Cystine 
(unentrapped)
2 13.16^0.91
(3)
4.23^0.47
(3)
0.45^0.03
(3)
1.79-1.17
(3)
n.d. 8.37^0.60
(3)
[ 35S] Cystine 
(unentrapped)
48 1.81^0.84
(3)
0.6210.27
(3)
0.17t0.07
(3)
29.77^4.44 
(3)
1.30^0.40
(3)
2.53^1.33
(3)
[ 35sl Cystine 
(in  —ve liposomes)
2 34.46^2.24
(4)
2.02^0.41 
(4)
1.20^0.08
(4)
0.45^0.32
(4)
n.d. 3.55^0.31
(4)
[ 33S) Cystine 
(in  -ve liposomes)
48 3.17^0.82
(3)
0.82t o . l2
(3)
0.28^0.03
(3)
24.34^2.11 
(3)
3.54—1,61
(3)
3.03—0.47
(3)
[ 33sJ Cystine 
(unentrapped) plus 
sa lin e -fi lle d  -ve 
liposomes
2 11.76^1.49
(3)
4.79^0.68
(3)
0.50^0.04
(3)
2.09-1.86
(3)
n.d. 6.83^0.22
(3 )
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7.4 Discussion
The in it ia l  clearance from the rat bloodstream of negatively charged 
liposomes containing either "^^1-labe lled  PVP, [ U-^C] sucrose or [ ^S ]— 
cystine were very sim ilar. The half-times for the clearances were 11.5,
5.0 and 8.5 min respectively for the period 0 - 3 0  min a fter injection o f 
the liposomes. After this time there was a slower clearance o f the 
r emaining 5 -  15% of the radiolabel. I t  may be that the residual, slow 
clearing fraction o f radiolabel is  due to material that has become non- 
entrapped, owing either to breakage o f some liposomes»or to leakage from 
the liposomes. One would then expect to see this slower clearance following 
the same pattern as the clearance o f the non-entrapped substance, and this 
is  in  fact the case (see Figures 7.1, 7.4 and 7 .6 ). There are few 
accounts in  the literature o f studies o f the clearance of liposomes from 
the blood over the f i r s t  two hours a fter injection. A two-phase clearance 
o f liposomes was observed by Gregoriadis and Neerunjun (1974), who linked 
the rate of clearance of the different liposomes tested to their rate of 
uptake by the liv e r . Rapid clearance o f PC/cholesterol liposomes from 
the bloodstream o f mice was found by Jonah et sd. (1975). After 30 min, 
only 10 -  20% of the injected liposome-entrapped [^C]EDTA remained in 
the bloodstream.
Apart from comparison o f the clearance of the liposomes with published 
data, the two "internal" controls carried out fo r  each substance provide 
evidence that the substances were entrapped within liposomes. The 
significant differences in  clearance between liposome-entrapped and non- 
entrapped substance implies that liposomes were able to retain the entrapped 
substances at least for long enough to a ffect their clearance. Also, the 
mere association o f the substances with sa lin e -filled  liposomes was not 
sufficient to significantly a lter the rate o f clearance o f any o f the 
substances.
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The clearance o f non-entrapped 32 ^ -la b e lle d  PVP is  almost identical 
to that found by Regoeczi (1976) in  rabbits, although he separated the 
f i r s t  2h clearance into three phases having half-lives o f  0.12h, 0.9h and 
3.4h respectively (compared with 0.26h and 1.94h h a lf-lives  calculated 
from Figure 7.3 lower). The two rapid in it ia l  clearance phases were 
attributed to equilibration into the extravascular space, and to renal 
clearance of a fraction o f the PVP. The renal clearance o f PVP observed 
by Ammon and Braunschmidt (1949) a fter it s  injection into dogs was also 
explained in terms o f an extravascular equilibration and clearance o f a 
low molecular weight fraction.
Wattiaux (1966) followed the clearance o f sucrose from the rat  
bloodstream over a period o f several days, and estimated that approx. 20% 
of the injected sucrose remained a fter 2h. This contrasts with the 
present estimate o f 2.37%, possibly because Wattiaux administered a larger 
amount o f sucrose (8ml 50% sucrose, in  rats weighing 250g c . f .  these 
experiments 12.^ig for rats o f this size ) that was injected intraperitoneally.
The tissue distribution o f non-entrapped 12^ -la b e lle d  PVP found in 
this study is  consistent with the work o f Regoeczi (1976), though he used a 
bio logically  screened preparation o f PVP, resulting in  l i t t le  urinary 
excretion o f the macromolecule. Wattiaux (1966) monitored the levels o f 
sucrose in  rat liv e r  following intraperitoneal injection o f 8ml 50% sucrose.
He found that a fter 2h there was 0.6%, and after 48h, 2.1% o f the injected 
sucrose in  the liv e r .
The tissue distributions o f both 125I-labe lled  PVP and [ U-14CiI sucrose,
2h a fte r their administration to the animal in negatively charged liposomes, 
were very sim ilar. More than ha lf the radiolabel was recovered in the 
liv e r at this time. However, whereas the concentration o f DPPC/DPPA 
(negatively charged) liposome-entrapped 12 5I-labe lled  PVP in  the liv e r  does
not a lte r  dramatically over the next 46h, only 4.64% o f the 14C-radioactivity 
( in it ia l ly  as sucrose) remains 48h a fte r injection, and 38% was recovered
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in  the urine. I t  seems that, although both the FVP and sucrose are 
in it ia lly  entrapped within the negatively charged liposomes (and thus 
exhibit a sim ilar tissue distribution), the radiolabel o f the sucrose can 
escape from the liv e r  whereas the iodine-125 cannot. Since the liposomes 
used were identical in  their method o f preparation, and have sim ilar 
properties in  vitro (see Figures 6.3 and 6.4) and in  vivo ( i . e .  similar 
distribution a fter 2h ), i t  i s  unlikely that the liposomes remain stable 
in  one case but not in the other. I t  is  much more plausible that the 
liposomes release their contents in tracellu larly  in both cases, but that 
the PVP (and therefore the I-rad ioactiv ity ) remains immobile whilst 
the sucrose becomes mobile. Although membranes are generally considered 
to be “impermeable" to both sucrose and PVP, sucrose may nevertheless be 
expected to permeate a membrane quicker than the much larger PVP molecule. 
Equally, both sucrose and PVP are considered to be indigestible by 
in tracellu lar enzymes hit some of the intracellu lar glycosidases might have 
some weak residual activity against sucrose, and thus liberate glucose 
and fructose which are both permeable and capable o f being further r 
metabolized by c e lls . PVP, on the other hand, requires many reactions to 
be digested to the monomeric form, and so complete digestion is  much less 
like ly  to take place. I t  i s  conceivable, therefore, that low concentrations 
of in tracellu lar sucrose might be removed quicker than similar amounts o f 
PVP.
-labe lled  PVP entrapped within DPPC/stearylamine (positively
35charged) liposomes, and [ S] cystine entrapped within DPPC/DPPA (negatively 
charged) liposomes both shared a somewhat similar tissue distribution.
In  both cases, liv e r  uptake o f radiolabel after 2h was approx. 34% , with 
approx. 1% In  the spleen. Renal excretion of the radiolabels was 
different, and so were the blood leve ls . Evidence was presented in  
Chapter 6 (Figures 6.3 and 6.5) that these particular liposome preparations 
were unable to retain their contents at 37°C in  v itro . I t  i s  like ly ,
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therefore, that these tissue distributions re flect the in stab ility  of
these liposomes in  vivo. I f  this were so, one might expect to find that
-labe lled  PVP entrapped with positively charged liposomes showed a
pattern o f uptake and excretion resembling that of unentrapped ^ ^ 1 -
35labelled PVP. Similarly, [ S| cystine in it ia lly  entrapped with negatively 
charged liposomes would show a distribution resembling that o f the 
unentrapped amino acid. For each of the radiolabels, the appropriate 
distribution was observed.
As was stated in  the Introduction to the Chapter, a large proportion 
o f injected liposomes are localized in the liv e r and spleen. The results 
obtained using liposome-entrapped ^^^I-labelled PVP, [ U-14d sucrose and 
L 35S] cystine are in  agreement with this general statement. In view of 
the high hepatic recoveries of these substances obtained after their entrap­
ment within liposomes, i t  was decided to look more closely at their 
subcellular distribution within the liv e r .
CHAPTER 8
The feubcellular d istribution  o f  some liposome-entrapped 
exogenous substances in  ra t l iv e r
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8.1 Introduction
In  Chapter 7, the requirements fo r uptake o f liposomes into tissues  
were presented, together with experimental data that indicated there was a 
sizeable hepatic recovery o f rad io label fo llow ing the administration o f 
liposome-entrapped substances to ra ts . I t  i s  d if f ic u lt  to ascertain from 
these data alone the mode o f  entry o f  the substances into the c e l ls ,  and 
so further studies were carried out to identify  the subcellu lar location o f 
the substances within the l iv e r .
I f  entry o f the liposome-entrapped substances was by endocytosis, one 
would expect to recover a large proportion o f the substance in  a sedimentable 
fraction  o f the liv e r ,  since i t  would presumably be localized  within the 
lysosomes. Conversely, i f  entry o f the liposomes was by a fusion mechanism, 
one might expect to find  most o f the rad io labelled  substance in the super­
natant and in  fractions that sediment only at very high speed, since this  
mode o f entry would resu lt in  the free substance together with free  liposomes 
entering the cytosol.
In  th is Chapter, d iffe ren t ia l centrifugation has been used to prepare 
subce llu lar fractions o f  rat liv e r  (as described in  Chapter 5 ), follow ing  
the in jection  o f substances into ra ts , in  an e ffo r t  to elucidate the 
subcellu lar location o f the substances and from th is their mode o f  entry into 
the c e l ls .
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8.2. Experimental procedure
This has been described in detail in Chapter 5. The fin a l 
concentrations o f injected 125I-labe lled  PVP, [U-14C]sucrose and [35S]cystine 
dihydrochloride are noted in the text. The d ifferential centrifugations 
were carried out in 0.3M sucrose containing 5mM MOPS (pH 7.4) and 5mM EGTA, 
unless otherwise stated.
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8.3 Results and discussion
8.3.1 The subcellular location of injected ^25I-labe lled  PVP
125
The results o f experiments using I-labe lled  PVP are presented in 
three stages: f i r s t ,  the subcellular fractionations o f rat livers  
following the injection of non-entrapped -labelled  PVP (50Vg/kg body 
weight); secondly, the subcellular fractionations following the injection  
of liposome-entrapped ^^ I-la b e lled  PVP (50yg/kg body weight); and fin a lly , 
the data from some control experiments.
( i ) Non-entrapped !25i -labe lled  PVP
125Table 8.1 shows the recoveries of protein, I-labe lled  PVP, N-acetyl- 
g-D-glucosaminidase and arylsulphatase in the five fractions o f rat live r, 
expressed as a percentage of the total recovered, following the injection  
o f non-entrapped ^^1 -labelled  PVP. These data are expressed as histograms 
in Figure 8.1. The distribution o f protein is  very similar 2h and 24h 
after the injection o f the radiolabel, and the location o f the marker 
enzymes also varies l i t t le  over the same period compared with uninjected
m
controls (see below, Table 8.3 and Figure 8 .3 ). The recovery of radiolabel
125does, however, vary over this time. At 2h over a third o f the I -  
labelled PVP is  recovered in the supernatant fraction, and about 40% in 
the M and L fractions. One day after the injection, l i t t le  radiolabel is  
found in the supernatant, and nearly 60% is  in the M and L fractions.
The percentage radioactivity found in the supernatant at 2h is
125surprisingly high. The data apparently indicate that the I-labe lled
PVP in it ia lly  enters the cytosol, and subsequently enters the lysosomes,
perhaps by autophagy. I t  is  d ifficu lt  to see how a molecule as large as
PVP (30,000 -  40,000 molecular weight) would possibly enter the cytosol
by traversing the plasma membrane, so this explanation is  unlikely. I t
is  also possible, but not likely , that the radiolabel is  removed from the
125polymer, so that the location of I-rad ioactivity  does not re flect the 
subcellular position of the PVP molecule.
T a b le  8 .
N.B.
125 „
The recovery of protein, I-labe lled  PVP, N-acetyl-P-D-
glucosaminidase and arylsulphatase in subcellular
fractions o f rat liv e r following the injection o f non-
entrapped -labelled  PVP 
125Non-entrapped I-labe lled  PVP (approx. 50pg/ml) was 
injected into rats (see Section 2.7) to a concentration 
of 50yg/kg body weight. After the time shown, the rat 
was sacrificed and the liver subjected to the scheme of 
subcellular fractionation described in Chapter 5. The 
results are the mean i  S.E.M., or the range is  shown. 
Centrifugation media:
2h. 0.311 Sucrose, SriM MOPS pH 7.4, 5mM EGTA 
24h. 0.3M Sucrose, 5mM MOPS pH 7.4, 5mII EDTA
Time
after
injection
(h)
Frac" % Protein % Radioactivity % N—Ac—
gluoosaminidase
0//o
Arylsulphatase
N 41.0 i  0.8 14.6 t 1.5 28.9 i  3.4 15.0 t  1.7
M 10.4 t  0.8 15.3 t 4.0 21.2 t  1.7 25.8 I  1.2
2 L 5.5 t  0.4 23.9 t 4.0 40.9 t  3.1 48.8 t  1.0
P 8.0 t  0.5 9.0 - 1.4 7.1 I  0.6 5.3 -  1.4
S 35.1 t  0.4 
(3)
37.3 -  
(3)
10.4 2.0 -  1.0 
(3)
5.2 t  1.1 
(3)
N 39.3 t  3.2 21.8 t 1.7 19.8 t  4.3 8.5 t  0.9
M 7.2 t  1.7 24.3 t 1.4 25.3 -  2.8 28:.8 -  2.8
24 L 6.0 i  0.9 33.1 t 0.8 43.5 -  3.0 49.9 i  2.0
P 10.2 i  0.9 10.6 t 1.6 8.1 t  0.5 7.0 t  0.1
S 37.4 -  4.6 
(4 )
10.2 1 
(4 )
1.9 4.3 1 1.3 
(4)
5.7 t  0.4 
(3)
Ipc
Figure 8.1 The subcellular distributions o f I-labe lled  PVP, N-acetyl-
g-D-plucosaminidase and arylsulphatase in rat liver following
125the injection o f non-entrapped I-labe lled  PVP
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Two other explanations are between them probably sufficient to account
125for the in it ia l distribution of I-la b e lled  PVP and it s  change by 24h.
F irst, i f  the PVP enters the cells by endocytosis, then i t  w ill be contained
in either a pinosome or a phagosome prior to gaining access to the
lysosomes. I t  may be that these pre-digestive vesicles are more susceptible
to breakage during the centrifugation process. I f  this were so, then i t
would account for the high recovery o f radiolabel in the supernatant
125fraction 2h a fter the injection o f I-labe lled  PVP. There was no large 
recovery o f either o f the enzymes in the supernatant fraction, so that the 
supernatant radioactivity could not have arisen from broken secondary 
lysosomes. Secondly, by referring to Table 7.1, i t  can be seen that, 
whereas only 2% o f the injected radiolabel was recovered in the liver 2h 
after injection, this figure fiad risen to 8% a fter 24h. in the intervening 
time, therefore, more radiolabel was taken up by the liv e r , and to compare 
the two sets o f data in  terms o f absolute amounts o f radioactivity, the 
second set (24h) should be multiplied by four. Such multiplication gives 
N, 84.9; M, 94.6; L, 128.9; P, 41.3; S, 39.7. These figures show that 
the recovery o f PVP in the supernatant fraction has not decreased, but that 
the recovery in the heavier fractions has increased markedly. Such an 
increase is  probably due to the continued uptake of the radiolabel, and its  
progressive accumulation in the lysosomes. The re latively  constant amount 
of radioactivity in  the S fraction is  further evidence that the S fraction  
radioactivity is  derived from frag ile  pinosomes being formed and destroyed 
(by conversion to secondary lysosomes) at a constant rate.
125( i i )  Liposome-entrapped I-labe lled  PVP
Table 8.2 and Figure 8.2 show the results o f this series o f
125experiments, where liposome-entrapped I-labe lled  PVP was injected, and 
subcellular fractions o f rat liv e r obtained. Using negatively charged 
(DPPC/DPPA) liposomes, there was l i t t le  alteration over two days in the
T a b le  8 .
Kotes
N.B.
125
The recovery o f protein, I -labe lled  PVP, U-acetyl-B- 
D-gluoosaminidase and arylsulphatase in subcellular fractions 
of rat liv e r  following the in.jection o f liposome-entrapped 
125I-labe lled  PVP
22 5_Liposome-entrapped I-labe lled  PVP (approx. 5C\ig/ml) was 
injected into rats (see Section 2.7) to a concentration o f 
50pg/kg body weight. After the time shown, the rat was 
sacrificed and the liver subjected to the scheme o f subcellular 
fractionation described in Chapter 5. The results are the 
mean -  S.E.M., or the range is  shown.
-ve liposomes: multilamellar DPPC/DPPA liposomes
+ve liposomes: multilamellar DPPC/stearylamine liposomes
Centrifugation media:
0.3M Sucrose, 5mM MOPS pH 7.4, 5mM EGTA, except for 24h., in which 
0,3M sucrose, 5mM MOPS pH 7.4, 5mM EDTA was used.
Time
after Charge o f Frac11 % Protein % Radioactivity % N-Ac-B- %
injection Liposomes glucosaminidase Arylsulphatase
(h)
N 39.5 J 1.5 16.7 -  2.3 24.9 t  2.6 10.8 t  2.8
M 9.0 -  1.0 24.3 t  2.8 33.2 t  2.7 39.2 t  1.6
2 ( - ) L 6.7 J 0.3 16.0 1 2.1 30.5 i  2.5 39.9 -  2.9
P 10.4 t  1.1 11.3 I  1.9 5.6 t  0.9 5.4 t  1.1
S 34.5 -  1.9 31.6 t  3.7 5.7 I  0.8 4.7 -  1.4
(5) (5) (5 ) (5)
N 38.2 t  2.0 18.9 t  0.5 18.5 t  2.8 6.4 t  1.5
M 13.3 I  1.0 28.8 t  1.2 25.0 t  2.7 26.1 -  3.0
24 ( - ) L
P
8.0 I  0.3 
11.1 -  0.7
26.5 t  2.0 
3.9 t  0.4
46.5 -  2.4 
8.3 t  0.4
58.2 t  1.9 
5.5 -  0.9
S 29.3 t  0.3 21.8 1 0.7 1.6 t  1.1 3.8 i  0.8
(3) (3) (3 ) (3)
N 33.9 i  1.2 22.2 t  0.2 22.6 i  0.7 12.9 -  0.6
M 15.8 -  1.0 28.8 t  1.1 22.8 t  1.3 23.1 -  1.2
48 ( - ) L
P
7.8 J 0.1 
10.7 -  0.6
27.5 I  0.7 
4.1 ± 0.4
43.8 t  2.1 
7.9 -  0.5
50.9 t  0.7 
9.7 -  1.6
S 31.9 -  0.6 17.3 t  0.5 2.8 i  0.7 3.4 ±  0.3
(3) (3) (3) (3)
N 35.4 -  1.5 24.0 t. 5.4 20.9 1 2.0 8.5 -  0.9
M 17.2 -  1.5 28.2 t  4.8 25.1 -  2.1 25.4 J 1.5
2 (+ ) L 9.1 J 0.6 14.1 t  2.6 44.1 -  0.1 56.2 1 0.8
P 11.4 -  0.4 6.4 -  1.7 7.7 i  0.3 5.6 J 0.7
S 26.8 t  1.1 27.3 t  7.4 2.0 t  1.2 4.3 -  1.1
(3 ) (3) (3 ) (3)
I-labe lled  PVP, N-Fipgire 8.2 The subcellular distributions o f
125
acetyl-8-D-glucosaminidase and arylsulphatase in rat 
live r following the injection o f liposome-entrapped 
^ 5I - la b e l led PVP
Data of Table 8.2
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recovery o f protein in the fractions. Table 7.1 shows that there is  
l i t t le  difference in the amount o f radiolabel in the liv e r  at 2h, 24h and 
48h after injection, and so the data in  Table 8.2 and Figure 8.2 relate  
to similar levels o f radioactivity. The amount of radiolabel recovered 
in the supernatant fraction progressively decreased over the two days. 
Meanwhile, the recovery in both the M and L fractions increased from 40% 
at 2h to 56% at 48h. The most interesting finding was the alterations 
in  the marker enzyme distributions which occured simultaneously with those 
of the radiolabel. Compared with control experiments (see below, Table
8.3 and Figure 8 .3 ), a sh ift in the recovery o f both N-acetyl-3-D- 
glucosaminidase and arylsulphatase from the L fraction to the M fraction  
was observed 2h after the injection o f liposome-entrapped '*'^^1-la  belled
PVP. At 24h after injection, the distribution had returned to normal.
125
In contrast to experiments where non-entrapped I-labe lled  PVP was
injected, by 2h almost a l l  o f the radiolabel is  removed from the blood
(see Chapter 7 ). There is  therefore no constant intériorisation of
12^ [-labe lled  PVP into the ce lls , since most o f the liposomes are cleared
125from the blood in  the f i r s t  30 min. The I-labe lled  PVP is  in  very 
large particles compared with the non-entrapped form, and the MLV used 
are large enough to increase significantly the in it ia l volume of any 
secondary lysosomes which might be formed. I f  this occurred, then i t  is  
quite probable that these particles would exhibit an increased sedimentation 
in the M fraction, rather than the L fraction. This explanation is  
supported by the data for the location of radiolabel a fter 2h, most being 
in  the M fraction. A similar sh ift o f lysosomal enzyme activity from the 
L to the M fraction was observed in rat liv e r by V.'attiaux (1966), 2h after 
the injection o f massive amounts o f  sucrose, and this was attributed to a 
large increase in the volume of the lysosomes.
Interestingly, although the distribution o f the two enzymes returned 
to normal by 24h (see Table 8 .3 ), the radiolâbel remained localised in  the 
M fraction, while the recovery in the L fraction increased towards the M
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fraction recovery. The total activity o f both the enzymes did not a lter  
significantly in any of the experiments in  this Chapter (results not 
shown) and so i t  is  unlikely that vast amountsof newly-synthesised enzymes 
appearing only in  the L fraction, could be responsible for reasserting the 
control distribution. An alternative explanation is  that the degradation 
of the lysosomal enzymes themselves ( i . e .  intracellu lar protein turnover) 
takes place at such a rate that the enzymes are degraded within 24h and 
replaced by newly synthesised enzymes, so that the subcellular distribution  
returns to normal.
I t  is  just possible that the multilamellar liposomes might enter the
ce lls  by fusion with the plasma membrane, and that the free liposomes thus
in the cytosol then enter the lysosomal system by autophagy. This process
would lead to the formation of large secondary lysosomes, and also
125localization o f some liposome-entrapped and unentrapped I-labe lled  PVP 
in  the cytosol. However, the alteration o f the marker enzyme 
distribution implies rapid formation o f liposome-containing secondary 
lysosomes, consistent with entry by phagocytosis.
125The results obtained following the injection of I -labe lled  PVP 
entrapped within positively charged (DPPC/stearylamine) liposomes are 
shown at the bottom o f Table 8.2. There is  no perturbation o f the two 
enzyme distributions like that found using liposomes o f negative charge, 
but there was a higher recovery o f protein in the M fraction 2h after 
injection. The radiolabel was distributed in a similar way to that o f 
negatively charged (DPPC/DPPA) liposome-entrapped ^25I-labe lled  PVP.
The stab ility  of the positively charged liposomes at 37°C in vitro (see 
Section 6.2.3.6) leads one to expect that they w ill not remain intact for 
any length o f time after injection into animals. I t  is  possible, therefore, 
that both non-entrapped and liposome-entrapped 2^5I-labe lled  PVP would be 
taken up by ce lls  in  such experiments, and that a composite subcellular 
distribution might be observed. Unfortunately, the results obtained were
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not sufficiently  clear-cut to substantiate this interpretation, even
125
though the levels o f I-labe lled  PVP recovered in  the liver (Table 7.1) 
show that the uptake o f radiolabel in these experiments was intermediate 
between non-entrapped and DPPC/DPPA liposome-entrapped I-labe lled  PVP.
Since the DPPC/stearylamine liposomes are more leaky, the bilayers 
may be in  the liquid-crystalline state. I f  this were so, an alternative 
explanation, in accord with the work o f Papahadjopoulos et a l ,  (1975) would
be that these liposomes were internalized by a fusicrn mechanism. A
125significant proportion o f the I-labe lled  PVP w ill leak from these 
liposomes before interaction of the latter with ce lls , and so w ill  remain 
in the bloodstream. The radiolabel entering the c e ll would be localized  
in the cytosol, and so would not affect the distribution o f lysosomal marker 
enzymes. I f  such a course o f events took place, one would expect to find 
the radiolabel localized largely in the S fraction whether or not the 
liposomes remained intact within the cytosol (see below, and Table 8.3 
and Figure 8 .3 ).
On balance, these data are as d iff ic u lt  to interpret concisely as 
the clearance data for this type o f liposomes. Clearly, positively  
charged (DPPC/stearylamine) liposomes are treated differently by the rat 
than those that are negatively charged (DPPC/DPPA). The d ifficu lty  in 
interpretation o f data relating to positively charged liposomes and also 
the lower uptake of radiolabel by the liv e r  after injection of these 
liposomes led to the decision to continue the study using only negatively 
charged (DPPC/DPPA) liposomes.
12 5_
( i i i )  Control experiments using "i-labe lled  PVP
These experiments are detailed in Table 8.3 and Figure 8.3. In
experiment A, non-entrapped ^25I-la b e lled  PVP was injected together with
sa lin e -filled  liposomes. After 2h, the distributions of the two enzymes
and -labe lled  PVP were altered in a similar way to those in the
125-experiments where liposome-entrapped '"1 -labe lled  PVP was injected
T a b le  8 .3
A.
B.
C.
N.B.
The recovery o f protein, SI —labelled PVP, N-acetyl-P—D—
glucosamlnidase and arylsulphatase in subcellular fractions
of rat liv e r . Some control experiments
12 5Non-entrapped I-labe lled  PVP (approx. 50Vg/ml) was
injected into rats (see Section 2.7) to a concentration of 
50yg/mg body weight, together with sa lin e -filled  multi- 
lamellar DPPC/DPPA liposomes. After 2h, the rat was 
sacrificed and the live r subjected to the scheme of sub- 
ce llu lar fractionation described in Chapter 5. The 
results are the mean -  S.E.M.
125Multilamellar DPPC/DPPA liposome entrapped I —labelled
PVP (lOyg) added to the liv e r homogenate immediately prior 
to centrifugation. This concentration is  o f the same order 
as that recovered in  the liv e r 2h after the injection o f 
multi-lame l ia r  DPPC/DPPA liposome-entrapped ^^1 -labelled  
PVP, The results are the mean o f two experiments (the 
range is  shown).
Non-entrapped ^ 5I-labe lled  PVP (< 3yg) added to the liver  
homogenate immediately prior to centrifugation. The results 
are the mean of two experiments (the range is  shown). 
Centrifugation media:
A, C 0.3M Sucrose, 5mM MOPS pH 7.4, 5mM EDTA
B 0.3M Sucrose, 5mM MOPS pH 7.4, 5mM EGTA
Experiment Frac11 % Protein % Radioactivity
% N-Ac-6- 
gluco santini dase
.......  ■ "■ *...... ..
%
Arylsulphatase
N 35.7 t  4.3 12.4 t  1.1 15.0 t  2.4 7.5 J 1.1
M 7.8 î  2.8 20.4 -  11.0 35.1 t  9.0 37.1 -  3.2
A L 5.9 t  0.8 17.1 î  6.2 40.1 t  4.7 43.8 t  1.5
P 13.3 t  1.7 12.1 J. 1.1 6.3 -  2.4 7.8 t  0.9
S 37.4 t  4.6 38.0 -  13.0 3.5 -  3.2 3.6 -  0.2
(3) (3) (3) (3)
N 35.0 (34.8 -  35.1) 1.2 ( 1.1 _ 1.3) 23.2 (22.1 -  24.2) 13.3 (12.6 -  13.9)
M 16.0 (15.8 -  16.2) 3.7 ( 3.3 -  4.0) 22.0 (19.7 -  24.3) 23.3 (22.2 -  24.4)
B L 7.6 ( 7.5 -  7.6) 11.6 (10.2 -  13.0) 42.3 (41.4 -  43.2) 56.9 (56.3 -  57.4)
P 9.8 ( 9.2 -  10.4) 23.0 (17.9 -  28.1) 8.1 ( 7.9 -  8.3) 5.9 ( 5.2 -  6.5)
S 31.7 (31.0 -  32.3) 60.6 (57.2 -  64.0) 4.4 ( 4.3 -  4.5) 0.8 ( 0 -  1.5)
(2 ) (2) (2) (2)
N 39.9 (38.4 -  41.4) 0.6 ( 0.2 -  1.0) 13.0 ( 9.3 -  16.7) 5.7 ( 5.1 -  6.3)
M 8.9 ( 7.9 -  9.9) 0.5 ( 0.4 -  0.5) 23¿5 (21.2 -  25.7) 25.8 (20.8 -  30.8)
C L 6.8 ( 6.7 -  6.8) 0.6 ( 0.2 -  0.9) 47.7 (43.4 -  51.9) 52.1 (51.7 -  52.5)
P 11.2 (10.4 -  12.0) 6.6 ( 1.8 _  11.3) 12.7 ( 9.0 -  16.4) 9.6 ( 8.6 -  10.6)
S 33.3 (32.9 -  33.7) 91.9 (87.8 -  95.9) 3.3 ( 1.3 -  5.3) 6.8 ( 3v0 -  10.6)
(2 ) (2) (2 ) (2)
Figure 8.3 The subcellular distributions o f 125I-labe lled  PVP, N-acetyl- 
B-D-glucosaminidase and arylsulphatase in rat liv e r. Some 
control experiments
Data of Table 8.3.
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(Table 8.2 and Figure 8.2) even though the level o f uptake by the liver  
was only 2.1% o f the dose (Table 7 .1 ). These sim ilarities demonstrate 
the inab ility  o f liver ce lls  to distinguish between liposomes of the same 
lip id  composition which contain different aqueous phases. Non-entrapped 
12^ -la b e lle d  PVP would enter the ce lls  by flu id  phase pinocytosis, but 
s t i l l  end up in the large secondary lysosomes, together with the saline- 
f i l le d  liposomes.
Experiments B and C were carried out in  order to determine the
distribution o f comparable amounts o f DPPC/DPPA liposome-entrapped and 
125non-entrapped I-labe lled  PVP added to the liver homogenate. The 
majority o f the liposome-entrapped radiolabel was recovered in the S 
fraction, with smaller amounts in the L and P fractions. Any liposomes 
released from phagosomes or secondary lysosomes, would thus be localised
in these fractions. Non-entrapped radiolabel was recovered almost
(
exclusively in the S fraction, so that again, i f  any pinosomes or 
secondary lysosomes were to be disrupted during the isolation procedure, 
one would expect most o f the radiolabel to appear in  the S fraction.
The results o f these control experiments emphasise the membrane-bounded 
nature of the 125I-labe lled  PVp recovered in the heavier fractions.
The distributions of N-acetyl-g-D-glucosaminidase and arylsulphatase 
in experiment C were taken to be the usual subcellular distributions of 
these enzymes fo r the purposes of comparison with other parts o f this 
Chapter. Both the enzymes were localized chiefly in the L fraction, 
with some activity  in the M fraction. The distributions o f the enzymes 
were not identical, since in almost every individual experiment, a higher 
percentage of N-acetyl-B-D-glucosaminidase than arylsulphatase was 
recovered in the N fraction, and vice-versa for the S fraction. This 
f i t s  in with other data on these enzymes, since the non-sedimentable 
activity o f arylsulphatase is  generally higher than that o f  N-acetyl-g-D- 
glucosaminidase measured under the same conditions. This could be
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interpreted as evidence that arylsulphatase dissociates more readily from 
broken lysosomes. I t  would appear that under the conditions o f these 
experiments, arylsulphatase behaves as a soluble lysosomal enzyme, while 
N-acetyl-$-D-glucosaminidase behaves as i f  i t  was bound to the lysosomal 
membrane.
8.3.2. The subcellular location of in.jected [ U-14Cfl sucrose
The experiments involving the subcellular fractionation o f liver  
homogenates containing [U -14C] sucrose are shown in Table 8.4 and also 
in Figure 8.4, As the total recovery in  the liver was very low following 
the injection of non-entrapped [U -l4C] sucrose (see Table 7 .2 ), only one 
subcellular fractionation of this type was carried out. The 
concentration of injected [U -l4Cl sucrose was 50Ug/kg body weight in a l l  
experiments.
The uptake of DPPC/DPPA liposome-entrapped tU-14C]sucrose by the 
liver a fter 2h (approx. 55% of dose administered) is  almost the same as 
that of liposome-entrapped 12 ^ - la b e lle d  PVP, but the subcellular 
distribution is  very different: the recovery in the S fraction is  higher, 
and that o f the N and M fractions is  lower. Also, there is  only a slight 
alteration in  the distributions o f the two marker enzymes relative to 
controls. I t  should be noted that the raised M fraction recovery o f N- 
acetyl-B-D-glucosaminidase does not stand out in  the histogram o f Figure
8.4 because o f the high protein content o f the M fraction. A fter 48h, 
nearly 80% o f the radioactivity is  recovered in the S fraction, but the 
total liv e r  radioactivity is  only approx. 5% o f the dose (see Table 7 .2 ). 
I f  the figures for the levels o f "^4C-radioactivity found after 48h are 
adjusted as was done in  Section 8.3.1 for non-entrapped ^ ^ - la b e l le d  PVP 
(by dividing by 12.5), one obtains N, 0.7; M, 0.3; L, 0.4; P, 0.2; S, 6.4, 
so that there has been movement of radiolabel from a l l  the fractions, but 
particularly from the heavier ones ( i . e .  N, M and L ) .
Table 8.4 The recovery o f protein, [U—^ C l sucrose, N—acetyl—8—D—
glucosaminidase and arylsulphatase in subcellular fractions 
o f rat liv e r following the injection of liposome-entrapped 
[U -^C l sucrose
2h and 48h. Multilamellar DPPC/DPPA liposome-entrapped 
tU-^Cl sucrose (approx. 50Wg/ml) was injected into rats (see 
Section 2.7) to a concentration of 5CUg/kg body v;eight.
After the time shown, the rat was sacrificed and the liver  
subjected to the scheme of subcellular fractionation described 
in Chapter 5. The results are the mean -  S.E.M.
A and B. Multilamellar DPPC/DPPA liposome-entrapped 
[U -^C ] sucrose (A) or non-entrapped [ U-^C] sucrose ( B) ,  both 
approx. lQig, were added to the liv e r homogenate immediately 
prior to centrifugation. The results are the mean of two 
experiments (the range is  shown).
A ll experiments utilized 0.3M sucrose, 5mM MOPS pH 7.4, 5mM EGTA.
Time
after
Injection
(h)
. Frac11 % Protein % Radioactivity
% N-Ac-ß- 
glucosaminidase
%
Arylsulphatase
N 28.4 t  6.3 8.0 t  0.6 21.3 -  0.7 12.1 i  0.6
M 16.2 -  1.3 15.9 -  1.2 28.3 t  0.6 27.1 Ì  0.8
2 L 8.6 -  0.3 14.0 t  3.3 39.3 t  0.6 45.3 t  2.2
P 11.7 i  1.6 19.0 J 2.6 9.5 -  0.1 8.8 t  0.1
S 35.0 -  3.7 43.0 t  6.8 1.6 ±  1.1 6.7 -  0.8
(3 ) (3) (3) (3)
N 40.4 -  2.9 Í8.4 t  2.7 29.1 -  5.3 15.5 -  3.3
M 10.0 ±  0.9 4.0 t  0.5 20.7 t  1.7 23.7 ±  1.3
48 L 6.6 -  0.4 5.6 Î  1.2 39.7 Ì  2.0 46.8 Ì  1.3
P 10.3 Î  0.8 2.3 t  1.0 8.9 -  0.9 8.5 Î  0.7
S 32.7 -  3.0 79.6 -  3.0 1.7 -  1.0 5.4 Î  0.8
(4 ) (4) (4) (4)
N 41.2 (40.9 -  41.5) 1.9 ( 1.8 -  2.0) 26.1 (24.6 -  27.5) 8.7 ( 6.4 -  10.9)
M 9.3 ( 8.4 -  10.2) 4.0 ( 2.6 -  5.3) 21.9 (20.6 -  23.2) 25.4 (25.2 -  25.6)
A L 6.6 ( 6.1 -  7.0) 5.1 ( 3.8 -  6.3) 44.6 (44.3 -  44.8) 54.8 (48.7 -  60.9)
P 9.4 ( 9.2 -  9.5) 10.9 (10i-6 -  11.1) 7.0 ( 6.4 -  7.6) 8.8 ( 8.3 -  9.2)
S 33.6 (33.3 -  33.8) 78.3 (75.8 -  80.8) 0.5 ( 0 -  1.0) 5.5 ( 5.1 -  5.9)
(2 ) (2) (2) (2)
N 37.6 (33.5 -  41.6) 1.1 ( 1.0 -  1.1) 23.1 (22.7 -  23.5) 9.1 ( 7.2 -  10.9)
M ‘ 14.0 (12.1 -  15.9) 0.5 ( 0.2 -  0.7) 22.1 (15.7 -  29.1) 25.1 (19.6 -  30.5)
B L 7.8 ( 7.4 -  8.1) 0.5 ( 0.4 -  0.5) 47.7 (44.0 -  51.3) 49.6 (44.5 -  54.6)
P 9.1 ( 8.0 -  10.1) 1.6 ( 1.4 -  1.7) 6.9 ( 4.2 -  9.6) 8.6 ( 7.8 -  10.3)
S 31.7 (30.9 -  32.4) 96.5 (96.4 -  96.5) 0 7.3 ( 6.3 -  8.2)
(2 ) (2) (2) (2)
Figure 8.4 The subcellu lar d istribu tions o f  [U -^C ] sucrose, N -acety l-
6-D-glucosaminidase and arylsulphatase in  ra t l iv e r
r  14 lfo llow in g  the in jec tion  o f  liposome-entrapped LU- C] sucrose
Data o f  Table 8.4
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Two types o f control experiments were carried out with Cu~^4C]sucrose,
both involving the addition o f the radiolabel to the liver homogenate.
In the f i r s t  (A o f Table 8.4 and Figure 8 .4 ), DPPC/DPPA liposome entrapped
jU-*4C]sucrose was added to the homogenate in an experiment similar to 
12 5
control B using aI-labe lled  PVP (Table 8.3 and Figure 8 .3 ). The 
14
majority o f the C-radioactivity was localized in the S fraction, with 
some in  the P fraction, indicating that this radioactivity is  less 
sedimentable than -labe lled  PVP under sim ilar conditions. In  the 
second experiment (B o f Table 8.4 and Figure 8.4), non-entrapped 
[U-^Clsucrose was added to the homogenate, and was found to be localized  
almost exclusively in the S fraction. The two control experiments show 
that lu—^ 4C] sucrose behaves sim ilarly to -labe lled  PVP when added 
directly to live r homogenate, although i t  is  more non-sedimentable, owing 
to the small size of the sucrose molecule in  comparison to PVP.
I t  is  d ifficu lt  to deduce the course o f events following the 
injection o f DPPC/DPPA liposomes containing [U- aC]sucrose into rats.
The evidence o f earlier Chapters (6 and 7) suggests that DPPC/DPPA 
liposomes are indistinguishable whether they contain "^^1-labe lled  PVP 
or [U-14C1sucrose. I f  this is  so, one might reasonably expect the in it ia l  
stages o f uptake by ce lls  to be identical. Since the subcellular 
location o f [U-^4C]sucrose is  different from that o f  ^ ^ I-la b e lle d  PVP 2h 
a fter the injection o f entrapped radiolabel, something must have happened 
prior to this time, but after uptake by the cells,that would have 
different effects on sucrose and PVP. I f  the uptake o f the liposomes was 
by phagocytosis, they would end up in secondary lysosomes, and would then 
be in the presence o f lysosomal lipases. The ordered nature o f the DPPC/ 
DPPA bilayers probably makes them very d ifficu lt  to digest, and so the 
integrity o f the liposomes would diminish only slowly, but eventually the 
bilayers would be disrupted and the liposomes degraded.
The sucrose molecule might behave differently from PVP during these e/ente,
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since ib is  considerably smaller than PVP, and would presumably be able to
escape from liposomes which were only slightly  digested, long before the
damage was sufficient to allow the passage of PVP through the bilayers.
I t  is  much more d ifficu lt  to envisage differences in the treatment of PVP
and sucrose once they are free in  the lysosomes. PVP is  o f course
indigestible, but so is  sucrose, PVP is  a large molecule and would not be
expected to cross the lysosomal membrane, but neither can sucrose.
Nevertheless, i t  is  likely  that the indigestib ility  and inpenetrability of
sucrose are not as absolute as PVP. I t  is  also likely  that the lysosomal
glycosidases have some residual activity towards sucrose, so that sucrose
can escape from the lysosomes after it s  hydrolysis.
I t  is  worth mentioning at this stage the results o f the one
experiment where subcellular fractionation of rat liver was carried out 2h
after the injection of non-entrapped [U-^4C]sucrose. Of the 1.27%
recovered in the liv e r, the following distribution was found: N, 6.5%; M,
14.2%, L, 7.2%; P, 2.5%; S, 69.7%. In contrast, in the same experiment
125using unentrapped I-labe lled  PVP, only 37.3% of the hepatic radioactivity  
was found in the S fraction. I f  sucrose can only enter the liver ce lls  
by pinocytosis, this result reflects an ab ility  o f the radiolabelled % 
sucrose to escape from the lysosomes in  some way.
8.3.3 The subcellu lar location o f in jected t^S  leys tine
Table 8.5 and Figure 8.5 show the results o f experiments where
subcellular fractionation of the live r was carried out following the
injection o f [ S]cystine into rats. The radiolabel was supplied as
[35S]cystine dihydrochloride (see Section 2.10), but this material was
diluted, neutralized and injected as lOug/kg body weight in a saline
solution, and was thus probably injected as the free amino acid. Three
35types o f experiment were performed using [ S]cystine.
Negatively charged (DPPA/DPPC) liposomes cannot retain cystine at
Table 8.5 The recovery of protein, [ S] cystine, N-acetyl-g-D-
gluoosaminidase and arylsulphatase in subcellular fractions 
o f rat liver following the Injection o f liposome-entrapped 
[ 35S 1 cystine
2h and 48h. Multilamellar DPPC/DPPA liposome-entrapped 
35[ S]cystine (approx. 10ug/ml) was injected into rats (see
Section 2.7) to a concentration o f lOyg/kg body weight.
After the time shown, the rat was sacrificed and the liver
subjected to the scheme of subcellular fractionation described
in Chapter 5. The results are the mean -  S.E.M.
35A. Multilamellar DPPC/DPPA liposome-entrapped [ Si cystine
(1.5yg) added to the liv e r homogenate immediately prior to 
centrifugation. The results are the mean of two experiments 
(the range is  shown).
A ll experiments utilized  0.3M sucrose, 5mM MOPS, 5mM EGTA.
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Time
after
Injection
(h)
Frac11 % Protein % Radioactivity
% N-Ac-8- 
glucosamini dase
of7o
Arylsulphatase
N 33.9 t  1.4 11.3 t  0.8 22.8 t  1.8 9.6 t  3.1
M 16.9 t  1.7 16.7 t  2.5 31.5 ^ 3.7 27.3 t  3.1
2 L 8.1 t  0.4 10.7 t  0.8 36.8 J 3.9 46.0 -  5.0
P 10.7 t  0.8 15.6 t  2.4 8.1 I  1.2 10.0 t  1.5
S 30.3 t  2.4 45.6 -  5.5 0.9 -  0.5 7.2 1 1.2
(3) (3) (3) (3)
N 37.0 t  1.0 17.5 t  1.7 21.6 t  1.0 9.5 t  1.2
M 14.1 t  0.5 9.4 i  1.7 23.2 I  2.3 25.3 t  1.9
48 L 7.3 -  0.5 9.6 t  1.6 45.0 -  1.9 49.4 -  2.2
P 9.8 i  0.4 12.7 -  4.8 9.7 -  0.6 9.4 t  0.8
S 31.7 t  1.0 50.8 t  6.1 0.4 i  0.4 6.4 t  0.7
(3) (3) (3) (3)
N 38.4 (37.7 -  39.1) 1.5 ( 1.4 -  1.6) 25.6 (20.7 -  28.0) 11.0 ( 8.6 -  13.3)
M 12.9 (32.0 -  13.7) 3.8 ( 2.5 -  4.0) 22.1 (20.7 -  23.4) 24.7 (24.6 -  24.7)
A L 6.7 ( 6.5 -  6.9) 4.6 ( 3.7 -  5.4) 42.1 (40.7 -  43.5) 51.6 (50.0 -  53.1)
P 9.5 ( 9.3 -  9.6) 15.0 (14.9 -  15.1) 9.2 ( 9.1 -  9.3) 9.2 ( 8.0 -  10.3)
S 32.6 (30.7 -  34.5) 75.7 (73.9 -  77.5) 1.3 ( 1.3 -  1.3) 3.7 ( 3.4 -  4.0)
(2) (2) (2) (2)
The subcellular distributions o f [ S]cystine, N—acetyl—
B-P-glucosamini dase and arylsulphatase in rat liver
following the injection of liposome-entrapped 
35
[ S]cystine
35
Data of Table 8.5.
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37°C in vitro (see Section 6.2.4), and the tissue distribution o f such 
liposomes in the rat leads one to believe that they do not remain intact 
for very long in vivo (Section 7 .3 .3 ). The subcellular distributions o f
protein, radiolabel and the two marker enzymes 2h after the injection of
35DPPC/DPPA liposome-entrapped t S]cystine were very similar to those found 
when entrapped (U-14C)sucrose was injected. The recovery o f N-acetyl-8-D- 
glucosaminidase, and to a lesser extent, arylsulphatase, was increased in  
the M fraction, at the expense o f the L fraction. After a further 46h, 
most of the remaining radioactivity is  recovered in the S fraction, and 
the enzyme distributions are normal, again a similar result to that obtained 
using entrapped [U -14C) sucrose.
35In the control experiment, DPPC/DPPA liposomes containing [ S]cystine
were added directly to the live r homogenate. Three quarters o f the
radiolabel was recovered in the S fraction, a result sim ilar to that of the
equivalent experiments using liposome-entrapped (U-^3 4d  sucrose.
In view of the sim ilarity o f the subcellular distributions between
experiments using entrapped [U-14Clsucrose and entrapped [35sl cystine, a
similar explanation can be proposed. The uptake o f these liposomes by
the ce lls  could involve the same mechanism that operates in the uptake o f
125the DPPC/DPPA liposome-entrapped I - la b e lle d  PVP. A fte r  uptake in to
3 5the lysosomal system, the [ S)cystine leaks into the lysosomal in terior, 
and then escapes into the cytosol. The escape o f cystine from the 
lysosomes might be by one o f several possible routes, which have been 
discussed in  Chapter 1 (see Figure 1 .1 ). I f  the cystine could not escape 
from the lysosomes, i t  would presumably show a similar distribution to 
1 2 -labelled  PVP.
8.3.4 Summary
Evidence has been presented that is  compatible with the entry o f (DPPC/ 
DPPA) negatively-charged liposomes by a phagocytic mechanism into liv e r  cells
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of the rat. The 41.0% of DPPC/DPPA liposome-entrapped ^^1 -labelled  PVP
recovered in the liver M and L fractions 2h after injection compares
favourably with a figure o f 43.1% given by Gregoriadis and Ryman (1972)
for 3-fructofuranosidase entrapped within negatively charged (egg PC/
chdlesterol/PA) liposomes recovered in a mitochondrial-lysosomal (M + L)
fraction after a similar time. After 24h in the experiments reported here,
125
55.3% of the liv e r I-radioactivity was in  the M and L fractions, 
compared with 34.4% of the liver 3-fructofuranosidase a fter 21h (Gregoriadis 
and Ryman, 1972), although some of the enzyme may have been digested in this 
time. In a similar study using liposome-entrapped neuraminidase, 
Gregoriadis et a l. (1974b) found 60 -  69% of the total in the liv e r  
localized in the lysosomal fraction 5h after injection.
In  a more recent survey (Steger and Desnick, 1977), the distributions 
of liposomally-entrapped bovine 3-glucuronidase in N, M + L ,' and 
supernatant fractions o f mouse liv e r  were reported. The experiments were 
complicated by the necessity to distinguish between the endogenous and 
the exogenous 3-glucuronidase. When entrapped within negatively-charged 
(DPPC/cholesterol/PA) MLV, approx. 75% of the exogenous enzyme in the 
live r was recovered in the M + L fraction, and approx. 20% in the S 
fraction, a fter both lh and 24h. For positively charged liposomes (DPPC/ 
cholesterol/stearylamine) the figures were approx, 45% in the M + L and 
45% in the S fractions after lh . When the liposomes were added to the 
liv e r homogenate, 88% o f the negatively charged liposomes were recovered 
in the supernatant. These results are in general agreement with those of 
this Chapter.
Steger and Desnick (1977) also examined the distributions o f a series 
of endogenous lysosomal hydrolases. The mean percentage of a-galactosidase 
in  the M + L fraction was reduced lh a fter injection o f negatively or 
positively charged liposomes, but the M + L recoveries of 3-glucosidase 
and a-mannosidase were both increased. The other enzymes studied
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(including arylsulphatase) showed no change at this time. The authors 
did, however, notice a more long-term increase in the supernatant levels 
o f the enzymes 1-3 days after the injection o f positively-charged liposomes, 
and suggested these were due to a deleterious effect o f stearylamine on the 
stab ility  o f the lysosomal membrane. Steger and Desnick did not examine 
the enzyme distributions 2h after injection, and so i t  is  d iff ic u lt  to 
draw any conclusions as to the mode o f entry o f the liposome-entrapped 
g-glucuronidase into the ce lls . There is  l i t t le  doubt that the material 
was eventually localized in the lysosomes.
From the present data i t  is  impossible to ascertain which types o f 
liv e r c e ll  are involved in the uptake o f the liposomes. Hepatocytes 
make up around 60% o f the number o f liv e r  c e lls , the remainder o f non- 
parenchymal ce lls  being Kupffer ce lls  (approx. 15 -  20%) and others (Berg 
and Boman,1973; Munthe-Kaas et a l . ,  (1976). In terms o f volume the 
respective figures are: hepatocytes, 78%, Kupffer ce lls  2.1% (Blouin et a l . ,  
1977). Kupffer ce lls  are likely  to account for the bulk of uptake of 
injected vesicles (Hoekstra et a l . , 1978) because o f their high endocytic 
activ ity , and also because of their position in  the liv e r sinusoids.
The Kupffer c e ll lysosomes account fo r approx. 25% of the total 
lysosomal volume (Blouin et a l . ,  1977). Munthe-Kaas et a l .  (1976) have 
estimated that the specific activ ities o f arylsulphatase and N-acetyl-B -  
D-glucosaminidase are 7 and 4 times higher respectively in  the nonparenchymal 
ce lls  than in the hepatocytes. Recently, Kooistra (1979) has made use o f  
the widely different distributions within the liv e r o f two lysosomal enzymes 
in an attempt to pinpoint the c e ll type involved in the uptake of non-
entrapped 125r-labe lled  PVP. By measuring the distributions o f acid 
DNAase (almost 30% o f this enzyme is  found in non-parenchymal c e lls ) and 
B-glucerophosphatase (mainly in  hepatocytes), he was able to in fer from 
the differences in subcellular distribution o f the enzymes that the
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majority o f the radioactivity was located in  the Kupffer ce lls*
A réévaluation o f the data o f this Chapter was attempted, in  the 
light o f the work o f Kooistra (1979), but the differences between the 
locations o f the two enzymes studied were not sufficient (see Munthe-Kaas 
et a l « ,  1976) to determine which o f the two c e ll types was involved in 
the uptake o f non-entrapped 125I-labe lled  PVP. I f  the uptake of 
materials involves only the Kupffer c e lls , i t  may nevertheless affect the 
overall lysosomal enzyme distribution, but the present data do not allow  
a confident prediction o f the ce ll type involved. Further experiments 
u tiliz in g  either the separation o f d ifferent c e ll types immediately prior 
to centrifugation or the technique o f Kooistra may be required before 
any progress can be made in this direction.
CHAPTER 9
125The Release of I-labe lled  PVP from rat liver
following the injection o f liposome-entrapped
lysosomes in v itro , 
125I -labe lied PVP
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9.1 Introduction
As explained in Chapter 1, there are only three techniques at present
available for measuring the permeability of the lysosome membrane to small
substances. The f ir s t  o f these, the osmotic protection method, is  somewhat
limited in it s  usefulness by the need to prepare a 0.25M solution o f the ■ *.
test substance. Using this method, the permeability is  deduced from the
degree of lysosome disruption caused by permeation of the substance into the
lysosomes. The two techniques that depend upon estimating the ab ility  of
substances to escape from lysosomes are both limited in the range of
substances for which they can be used. The method used by Cohn and Ehren-
reich (1969) relates gross changes in lysosome morphology of cells in culture
to the pinocytic uptake o f non-permeant substances. Mego and McQueen
131(1965) while investigating the digestion o f I-labe lled  albumin by rat 
liv e r secondary lysosomes, incidentally provide evidence that iodotyrosine 
(the major radiolabelled digestion product) and possibly dipeptides 
containing iodotyrosine can, but that radiolabelled albumin cannot escape 
from intact secondary lysosomes. The radiolabelled albumin could be 
regarded as a carrier for iodotyrosine in these experiments and, obviously, 
such a technique would have much potential in elucidating the permeability 
properties of lysosomes, although this has not been pursued. The major 
difficu lty  with this technique applied to the investigation o f lysosome 
membrane permeability to small molecules is  in loading the lysosomes with 
enough of the material to enable examination to be feasib le .
Small molecules are d ifficu lt  to direct specifically  to the lysosomes, 
because they can enter ce lls  by routes (diffusion and active transport) 
that are unavailable to macromolecules. Also, there is  l i t t le ,  i f  any 
adsorptive pinocytosis (and therefore l i t t le  uptake into lysosomes) of 
small molecules. The use o f liposomes to localize small substances 
specifically  within the lysosomes o f rat liv e r offers a significant advance 
in the procedures available for the study of lysosome permeability,
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because they provide a means o f making ce lls  treat small molecules as i f  
they were macromolecules.
Ill
9.2 Experimental procedure
Negatively-charged (DPPC/DPPA) liposomes containing entrapped 
■*'25I-labe lled  PVP were prepared as in  Section 2.2. The liposomes were 
injected into rats (see Section 2.7) to a concentration o f 50Ug 
12^ -la b e lle d  PVP/kg body weight. These rats were starved 18h before 
sacrifice , when a lysosome-enriched fraction o f the liv e r was prepared as 
in  2.1.1. The two pellets prepared from one liver were gently resuspended, 
one in 0.25M sucrose and the other in  0.25M glucose (both 25ml), and then 
each was incubated in  a water bath at 25°C.
Immediately, and a fter 1, 2 and 4h, duplicate 2m 1 samples were removed 
from each suspension, and centrifuged at 4°C in  an MSE Superspeed 50 
centrifuge at I50,000g x 30min (50,OOOrpm; rotor no. 59113). The 
supernatant was assayed for arylsulphatase activity , and 1ml was taken for  
the estimation o f ^^1 -radioactivity (see 2.6.1), both being termed the 
•non-sedimentable activity*. At the same times, the free and total 
arylsulphatase activity  o f the suspension was also measured. At the start 
o f the incubation, duplicate 1ml samples»were taken for the estimation o f 
tota l 1 2 -radioactivity (see 2 .6 .1 ). Arylsulphatase was measured 
according to the method described in  Section 2.3.3. The percentage o f  
non-sedimentable radioactivity, non-sedimentable arylsulphatase and free 
arylsulphatase were plotted versus time fo r each suspension.
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9.3 Results and Discussion
In  the f i r s t ,  exploratory experiments, some of the conditions were 
altered from those described in 9.2, which were derived a fte r  considering 
the early resu lts.
Several things were different in  the f i r s t  experiment, in which the 
rat was k illed  2h a fter the injection o f the liposomes. Only the 
percentage non-sedimentable radioactivity was followed during the 
incubation; enzyme activ ities were not measured. The non-sedimentable 
fraction was a 210,OOOg x min supernatant (13; 500rpm x lQmin, MSE 18 
refrigerated centrifuge, rotor no, 43114-106) from the lysosome-enriched 
suspension. Also the incubation temperature was 37°C. A fter lh 
incubation 21.0% o f the radiolabel from the suspension in  sucrose and 27.8% 
o f that from the suspension in glucose had become non-sedimentable. The 
in it ia l  non-sedimentable radioactivities fo r  the same suspensions were 
18.4% and 12.9% respectively. The increase in  the non-sedimentability o f 
radiolabel in  sucrose is  very l i t t le :  understandably so, since the lysosomes 
would remain intact. In  glucose, the rise  over lh . was only approx. 15% 
o f the tota l radioactivity, under conditions in which probably the 
majority o f lysosomes would break within lh . The low rise  in  non-sediment­
able radioactivity may have been because the 22 5I-labe lled  PVP was s t i l l  
entrapped within liposomes (only 2 -  3h a fter in jection ), and was s t i l l  
sedimentable. This sedimentability could not have been wholly a property 
of the liposomes themselves since, under the same conditions, approx. 55% 
and approx# 48% respectively o f liposomes added directly to the 
suspensions were non-sedimentable. I t  may be that although the structural 
integrity o f the lysosomes was diminished the liposomes were in some way 
bound to the lysosomes, so that they sedimented with the lysosomal membranes 
during the centrifugation. In  an attempt to investigate this explanation, 
in the seoond experiment, the liposomes were injected 24h before death,
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after which time i t  was hoped that the liposomes would have been digested 
by the lysosomal lipases.
The result o f this experiment is  shown in  Figure ¡ 9.1. The 
incubation was carried out at 25°C to make the experiment (and the 
following ones) directly comparable with those o f Chapter 3. Figure 9.1 
shows clearly that during incubation in  0.25M sucrose there is  no 
significant rise  in  the free or non-sedimentable enzyme activity , or in  
the non-sedimentable radioactivity. This indicates f i r s t ,  that the 
lysosomes remain stable in  this solution and, secondly, that no 
^25I-labe lled  PVP is  escaping from the lysosomes. In  0.25M glucose 
there is  a progressive rise  in both the free and non-sedimentable a ry l-  
sulphatase activ ities during thé incubation, showing that the lysosomes 
were not stable in  this solution. The non-sedimentable enzyme activity  
is  always s ligh tly  less than the corresponding free activity since, while 
the latter is  a measure of lysosome disruption, the former shows the 
degree o f dissociation o f the enzyme from the lysosomes. The non­
sedimentable radioactivity also rose progressively, but reached only 
25.5% after lh  incubation, compared with the percentage non-sedimentable 
enzyme activity o f 58.8%. These data are insufficient to enable a 
definite conclusion to be drawn, since there are at least two possible 
explanations fo r the observed non-sedimentable radioactivity in  0.25M 
glucose. Certainly, at least 25.5% o f the ^^1 -labelied  PVP is  
dissociated from the lysosomes after lh incubation, but there is  no 
indication as to whether or not this radiolabel is  s t i l l  liposome-entrapped 
a fter i t  has escaped from the lysosomes. I t  i s  just possible that more 
than 25% o f the radiolabel escaped from the lysosomes, but that some of 
this was s t i l l  in  a sedimentable form, and so would have been detected as 
a lysosome-assodated radioactivity. However, a more like ly  explanation 
is  that the !25i -labe lled  PVP is  unable to escape from lysosomes as 
readily as arylsulphatase, either because the enzyme is  smaller than
.........* • • .............. . • 125 . . . .
Figure 9.1 Release of arylsulphatase and I-labe lled  PVP from
lysosome-enriched suspensions in 0,25! glucose and 0.25M
sucrose, 24h a fter the injection o f liposome-entrapped
^ 5I-labe lled  PVP into rats
A rat was injected (see Section 2.7) with multilamellar 
DPPC/DPPA liposome-entrapped ^^1 —labelled PVP ( 50pg/kg 
body weight) and, after 24h, a lysosome-enriched fraction 
of the liv e r  was isolated (see Section 2 .1 .1 ), suspended 
in  either 0.2Si glucose or 0.2Si sucrose and incubated at 
25°C. At the times shown, a 210,000g x min supernatant 
was isolated, and the free and non-sedimentable 
arylsulphatase (Section 2.3.3) and non-sedimentable 
radioactivity (Section 2.6.1) measured. One experiment only.
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-labe lled  PVP, or because the radiolabel is  s t i l l  liposome-entrapped.
In  a control experiment (Figure 9 .2 ), the liposome-entrapped 
32 ^ - la b e lle d  PVP was added directly to the lysosome-enriched suspension 
at the start o f the incubation. Again, in  0.25M sucrose, the free and 
non-sedimentable enzyme activ ities remained low, while in  0.25M glucose 
they rose progressively during the incubation. The differences between 
the increases in enzyme activ ities in  0.25M glucose observed in this 
experiment and the one before are probably due to experimental variation.
The non-sedimentable ^25I-radioactivity remained between 65% and 75% of 
the to ta l radioactivity throughout the incubation, showing that the 
liposomes did not behave differently in  the two solutions. The non­
sedimentable nature o f the liposomes in  th is experiment means that one can 
only speculate on the form (unentrapped or liposome-entrapped) o f the 
^ - l a b e l l e d  PVP which became non-sedimentable in  0.25M glucose in  the 
previous experiment (Figure 9 .1 ). Had the liposome-entrapped 1 2 -labelled  
PVP been largely sedimentable, one could have fa ir ly  confidently concluded 
that the radiolabel which became non-sedimentable in  0.25M glucose was not 
liposome-entrapped•
Three further alterations were made to the procedure to arrive at 
that described in  Section 9.2. F irs t , in  an e ffo rt to reduce further the 
possib ility  o f any intact liposomes remaining within the secondary lysosomes, 
the animal was k illed  48h after the injection o f the liposomes. As shown 
in  Table 7.1, there i s  l i t t le  reduction in  the amount o f ^ ^ -ra d io a c t iv ity  
in  the liv e r  a fte r this time, and Table 8.2 and Figure 8.2 show that most 
o f this radioactivity is  localized in  the M and 1 fractions. (The 
combined M and L fractions are approx, the same as the lysosome-enriched 
fraction used in  this Chapter). To increase the sedimentability o f the 
liposome-entrapped radioactivity, the centrifugation speed was increased 
to 150,000g x 30min (see Section 9 .2 ). F inally , the incubation period 
was extended so that the suspensions were monitored over 4h.
Release of arysulphatase from lysosome-enriched suspensions
in 0.25M glucose and 0.25M sucrose in the presence o f
..................  125_....... ..............liposome-entrapped 1-labe lled  PVP
A lysosome-enriched fraction o f rat liv e r was prepared as 
described in  Section 2.1.1, suspended in either 0.25M 
glucose or 0.25M sucrose and incubated at 25°C. At the 
beginning o f the incubation, multilameliar DPPC/DPPA
c
liposome-entrapped I-labe lled  PVP (approx. 2ug) was
added to each suspension (an amount equal to the radioactivity 
present in the lysosome-enriched suspensions prepared 24h
afte r the injection o f multilameliar DPPC/DPPA liposome-
12 5_entrapped ~1-labelled PVP, Figure 9 .1 ). Centrifugations
and assays are as fo r Figure 9.1. One experiment only.
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When liposome-entrapped " * “1 -labe lled  PVP was injected 48h before 
sacrifice , and the lysosome-enriched suspension then prepared was 
incubated at 25°C for 4h in  0.231 sucrose, there was l i t t le  or no increase 
in  any o f the measured activities (see Figure 9 .3 ). This indicates that, 
f i r s t ,  the lysosomes remain intact over the 4h incubation and, secondly,
that there is  no release o f radiolabel from the intact lysosomes.
32 5uHowever, since i t  is  not known whether the WI-la b e lle d  PVP is  s t i l l
liposome-entrapped, i t  is  impossible to say whether the lysosomal membrane 
is  impermeable to 325J-labelled  PVP from this result alone.
When the lysosome-enriched suspension is  suspended in  0.23! glucose, 
there is  a progressive rise  in both the free and the non-sedimentable 
arylsulphatase activ ities , indicating breakage of lysosomes during the 
incubation (see Figure 9 .3 ). The non-sedimentable enzyme activity  is  
always much less than the free activity measured at the same time, probably 
because the disruption o f the lysosomes, while sufficient to allow the 
permeation o f substrate molecules, does not permit the escape o f the much 
larger enzyme molecules. The rise  in  non-sedimentable arylsulphatase 
activity during incubation in 0.25M glucose was closely paralleled by an 
increase in non-sedimentable radioactivity. This indicates that release 
of -labe lled  PVP from the lysosomes was at least as great as the 
release o f arylsulphatase. I t  is  unlikely, but just possible that some 
or a i l  o f the released -labe lled  PVP was s t i l l  liposome-entrapped; 
i f  i t  was, some of the released radiolabel from broken lysosomes might be 
sedimentable, and thus decrease the measured non-sedimentable radioactivity.
In  order to establish more fu lly  the nature o f the non-sedimentable 
-L25I„labelled  PVP ( i . e .  whether or not i t  is  liposome-entrapped), two 
series o f control experiments were carried out. In the f i r s t  (Figure 
9 .4 ), liposome-entrapped ^^1 -labe lled  PVP was added directly to the 
lysosome-enriched suspension from an uninjected rat at the beginning o f 
the incubation. From Figure 9.4, i t  can be seen that the liposomes are
Figure 9»3 Release o f arylsulphatase and ^ ^ 1 -labelled  PVP from
lysosome-enriched suspensions in 0.234 glucose and 0.25M 
sucrose, 48h a fter the injection o f liposome-entrapped 
-labe lled  PVP into rats
A rat was injected (see Section 2,7) .with multilameliar 
DPPC/DPPA liposome-entrapped ^^1 -labe lled  PVP (50yg/kg 
body weight) and, a fter 48h, a lysosome-enriched fraction  
of the liv e r  was isolated (see Section 2 ,1 ,1 ), suspended 
in  either 0.25M glucose or 0.25M sucrose and incubated at 
25°C, At the times shown, a l50,000g x 30min supernatant 
was isolated, and the free and non-sedimentable 
arylsulphatase (Section 2,3,3) and non-sedimentable 
radioactivity (Section 2,6,1) measured. One experiment 
only. Results are mean -  S.E.M, o f three experiments.
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Figure 9.4 Release of grylsulphatase from lysosome-enriched suspensions
in 0.25M glucose and 0,234 sucrose in the presence of
................................225...........liposome-entrapped I-labe lled  PVP
A lysosome-enriched fraction o f rat liv e r was prepared as 
described in Section 2.1.1, suspended in either 0.25M 
glucose or 0.25M sucrose and incubated at 25°C. At the 
beginning o f the incubation, multilamellar DPPC/DPPA 
liposome-entrapped I25r -labe lled  PVP (approx. E*ig) was 
added to each suspension (an amount double that of the 
radioactivity present in  the lysosome-enriched suspensions 
prepared 48h after the injection o f multilamellar DPPC/DPPA 
liposome-entrapped ^ ^ I-la b e lle d  PVP, Figure 9 .3 ). 
Centrifugations and assays are as for Figure 9.3. Results 
are the mean -  S.E.M. o f three experiments.
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sedimentable to the same degree in  both 0.25M sucrose and 0.2Si glucose. 
Also, the non-sedimentable radioactivity remains between 18 and 27% in  
both solutions throughout the incubation. This presumably indicates that 
the liposomes remain intact and mainly sedimentable in  both solutions 
throughout the incubation. I t  should also be noted that the percentages 
o f free and non-sedimentable arylsulphatase activities observed were very 
sim ilar to those found in  the preceding experiments (Figure 9.3) where the 
liposome-entrapped radiolabel was injected 48h before the rat was k illed . 
This implies that there is  no alteration o f lysosome stab ility  as a result 
o f the injection o f the liposomes.
In  the second series o f  control experiments, unentrapped ^ ^ I-la b e lle d  
pVp was added directly to the lysosome-enriched fraction from an uninjected 
rat at the beginning o f the incubation. In both 0.25M sucrose and 0.25M 
glucose (see Figure 9.5) the non-sedimentable radioactivity was in it ia lly  
approx. 90%. Unexpectedly, however, this f e l l  progressively during the 
incubation, so that after 4h incubation, 60% o f the radioactivity in  0.25M 
glucose, and 78% in sucrose was non-sedimentable. The curves for free and 
non-sedimentable arylsulphatase activ ities observed in both sucrose and 
glucose were again similar to those o f the previous experiments in  which the 
radiolabel was injected 48h before the rat was k illed . Although some of 
■the „labelled PVP would become sedimentable by virtue o f it s  location 
in  the interstices o f the pellet formed during the centrifugation, there is  
some sedimentability occurring in  addition to th is.
F inally , the experiments were carried out with a period o f 2h between 
the injection o f the liposomes and the isolation o f the lysosome-enriched 
fraction. The results o f these incubations are shown in  Figure 9.6. In  
0 .25M sucrose there is  no release o f radiolabel or enzyme over the 
incubation period, as judged by the non-sedimentable radioactivity and the 
f*ee and non-sedimentable arylsulphatase activ ities . This implies that 
the lysosomes remain substantially intact in  0.25M sucrose, and that the
Release o f arylsulphatase from lysosome-enriched suspensions 
in 0.234 glucose and 0.234 sucrose in the presence o f non- 
entrapped ^ 5I-labe lled  PVP
A lysosome-enriched fraction o f rat liver was prepared as 
described in  Section 2.1.1, suspended in  either 0.234 
glucose or 0.234 sucrose and incubated at 25°C. At the 
beginning o f the incubation, non-entrapped ^^1 -labelled  
PVP (approx. 2pg) was added to each suspension (an amount 
equal to the radioactivity present in the lysosome- 
enriched suspensions prepared 48h after the injection of 
multi lamellar DPPC/DPPA liposome-entrapped ^ 5I-labe lled  
PVP, Figure 9 .3 ). Centrifugation and assays are as for  
Fi&tre 9.3. Results are the mean -  S.E.M. o f three 
experiments.
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Figure 9,6 Release o f arylsulphatase and I-labe lled  PVP from
lysosome-enriched suspensions in 0.2EM glucose and 0.25-1
sucrose, 2hU after the injection o f liposome-entrapped
22 5I-labe lled  PVP into rats
A rat was injected (see Section 2.7) with multi lamellar 
DPPC/DPPA liposome-entrapped ^^1 —labelled PVP ( 50pg/kg 
body weight) and, a fter 2h, a lysosome-enriched fraction  
o f the live r was isolated (see Seiction 2 .1 ,1 ), suspended 
in  either 0.25M glucose or 0.2EM sucrose and incubated at 
25°C. At the times shown, a l50,000g x 30min supernatant 
was isolated, and the free and non-sedimentable 
arylsulphatase (Section 2,3.3) and non-sedimentable 
radioactivity (Section 2.6.1) measured. One experiment 
only. Results are mean -  S.E.H. o f three experiments.
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!25i -labe lled  PVP cannot permeate the lysosomal membrane. After 
incubation in  0.25M glucose, there was a progressive rise  in  both the free  
and the non-sedimentable enzyme activ ities , so that a fter 4h they were 
91.3% and 53.8% respectively (sim ilar to the 88.9% and 46.3% respectively 
found in  the sim ilar experiments with 48h between injection and sac rifice ).
I t  would seem that there is  l i t t le  alteration in  the permeability and 
fra g ility  o f the lysosomes over the period from 0, 2 and 48h a fter injection  
o f the liposomes. There was a progressive rise  in  the non-sedimentable 
radioactivity in  0.25M glucose during the incubation, to 18.1% after 4h.
This is  much lower than the corresponding figure in experiments where the 
injection is  48h before death, but s ligh tly  higher than the equivalent 
figure following incubation in  0.25M sucrose. There are two possible 
explanations fo r th is. F irst, the 125I-labe lled  PVP may not be able to 
escape from disrupted lysosomes because o f it s  size, or secondly, the 
•^^1-labe lled  PVP may escape from the lysosomes, tut be in  a sedimentable 
form. I t  has already been shown that liposome-entrapped 125I-la b e lled  
PVP is  largely sedimentable and that unentrapped 125j-labe lled  PVP is  largely
non-sedimentable under these conditions. I f  the radiolabel does escape 
from the lysosomes in  0.25M glucose, i t  must therefore be liposome 
entrapped, otherwise i t  would become non-sedimentable. A lso, i f  the 
12^ -la b e lle d  PVP does not escape from the lysosomes in  these experiments, 
i t  must be in  some MmultimolecularM form, since i t  does become non­
sedimentable in  similar experiments performed 48h after injection. There
125is  strong evidence, therefore, that the I-labe lled  PVP is  s t i l l  
contained within liposomes 2h a fte r in jection. I t  is  unclear from these 
experiments whether or not liposomes can dissociate from lysosomes as the 
la tte r break through osmotic damage. I t  i s  unlikely, however, that a l l  
the liposomes can escape when only ha lf o f the free arylsulphatase is  
non-sedimentable. Equally, i t  is  unlikely that a l l  the liposomes remain 
within the "she lls" o f disrupted lysosomes. The true _ picture is  
undoubtedly between these two extremes, since the lysosomes w il l  be
11Q
disrupted to different degrees.
Since liposome-entrapped 125I-la b e lled  PVP is  largely sedimentable 
(a t  150,000g x 30min), and unentrapped 125I-labe lled  PVP is  not, the 
interpretation o f most o f the results is  straightforward. When the 
lysosome-enriched fraction is  prepared 48h a fte r injection, most o f the 
^ -la b e lle d  PVP is  not within liposomes at this stage, since when the 
suspension is  incubated in 0.25M glucose, much of the radiolabel becomes 
non-sedimentable (Figure 9 .3 ). when the experiment is  performed only 2h 
after injection o f the liposomes, less ^ - l a b e l l e d  PVP becomes non­
sedimentable, even though the degree of lysosome damage is  sim ilar. This 
implies that most of the radiolabel is  s t i l l  largely liposome-entrapped at  
th is stage, and is  thus either unable to leave the lysosomes, or unable to 
become non-sedimentable. In 0.2Si sucrose, there is  no escape o f  
^1—labelled PVP from intact lysosomes during the incubation.
The use o f liposomes is  a good method fo r  the introduction o f substances 
into the lysosomal system, providing that the substance under investigation  
can be e ffic ien tly  entrapped. As i t  stands, this technique can be used to 
identify those substances that cannot permeate the lysosome membrane, 
because non-permeable substances remain within the lysosomes fo r a 
re lative ly  long time, and there would be no release o f  the substance, even 
after prolonged incubation o f the lysosomes in  sucrose.
When a liposome-entrapped substance is  administered to a ra t , some of 
the liposomes are phagocytosed by the liv e r . Once within secondary 
lysosomes, the lysosomal enzymes w ill begin to digest the liposomes, and 
release the entrapped substance. Substances within the lysosomes are of 
two kinds, i . e .  those that can escape intact or a fte r  intralysosomal 
digestion to permeable products, and those that cannot escape, either 
because they are too large or because their digestion products also cannot 
escape. I f  the substance cannot escape from the lysosoraes,(e.g. PVP) i t  
w ill remain within the lysosomes, and the subcellular distribution o f the
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substance w ill  not a lter significantly at any time after uptake by the 
liv e r . However, after the release o f a permeable substance from the 
liposomes, i t  w ill  immediately begin to escape from the lysosomes.
There are two fundamentally different types o f experiments that 
could be carried out using liposomes to measure the lysosome permeability 
o f small molecules. I t  might be possible to measure the permeability o f 
substances a fter the liposomes have been digested. Alternatively, the 
rate o f escape of substances could be monitored even though some o f the 
liposomes were s t i l l  intact within the lysosomes.
I f  one attempts to measure the rate o f escape from the lysosomes o f 
substances already released from the liposomes, i t  is  necessary to wait 
until a l l  o f the liposomes have been digested. However, in the case of 
a lysosome-permeant substance, by the time that this has occurred there 
w ill  probably be l i t t le  o f  the substance le f t  within the lysosomes. Thus 
the total amount o f substance measured in  experiments would be very small, 
and this would lead to a less accurate measurement o f the permeability. 
Alternatively, i f  the experiments are carried out while a large amount of 
the substance is  s t i l l  within the lysosomes, much o f the substance would 
s t i l l  be liposome entrapped. In  this case, the rate o f escape o f 
substance from the lysosomes is  probably limited by the rate at which the 
substance is  released from the liposomes as the latter are digested. The 
choice i s  thus between measuring small changes or slow changes in  the total 
amount o f substance present. Although in  both cases the question o f 
permeability can be answered, the rate o f permeation o f substance through 
the lysosome membrane cannot possibly be deduced from the results o f the 
second type of experiment.
The data o f Chapter 8 lead one to expect that experiments o f the f i r s t  
type, involving permeability measurements a fter digestion o f the liposomes, 
would necessitate the accurate measurement o f very small amounts o f 
radioactivity. I t  may, o f course, be possible to raise the concentration
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of the radiolabel that is  entrapped within the liposomes, so that a higher 
level o f radioactivity is  present in the experiments.
The second method is  probably the more appropriate one to use where 
the actual irate of permeability does not need to be calculated. There 
are two ways of increasing the sensitivity of this method o f finding out 
whether or not a substance can permeate the lysosome membrane. F irst, 
the time between injection o f the ra t and the preparation o f the lysosome- 
enriched fraction must be selected so that there is  maximal recovery o f 
the substance within secondary lysosomes. This may not be the same as 
the time when there is  maximal recovery of the substance in  the M and L 
fractions, since at this time much o f the substance may s t i l l  be within 
large phagosomes. Secondly, i f  the integrity o f the lysosome-enriched 
suspensions could be retained throughout a longer incubation, then 
presumably more o f any permeant substance would escape from the lysosomes 
during the experiment. Also, as fo r the f i r s t  method above, i t  may be 
possible to increase the concentration o f substance within the liposomes.
After the injection of liposane-eritrapped 13!i -labelled  albumin, there was
release of acid-soluble radioactivity from lysosome-enriched fractions o f  
ra t liv e r (Gregoriadis and Ryman, 1972), in  these experiments, the rats 
were k illed  only 30mih.after injection o f the liposomes. Over a 2h 
incubation in 0.3M sucrose at 22°C, the acid-soluble radioactivity rose 
from approx. 10% to 17.5% of the to ta l, A similar time course might well 
be required in order to measure the ab ility  o f small substances to permeate 
the membrane o f the lysosome.
I f  these sorts o f experiments were carried out using substances that 
were employed in the preceding Chapters ( i . e .  [U-*4C]sucrose and 
i35S)cystine)» additional data would significantly increase their value.
In  the case o f sucrose, i t  might be possible to assay for glucose in  the 
non-sedimentable material. Detection o f a rise  in the non-sedimentable 
level o f glucose, paralleled by a rise  in the non-sedimentable radioactivity
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would be evidence for the intralysosomal hydrolysis o f sucrose. Similarly, 
fo r cystine, careful analysis o f the sulphydryl levels in the non­
sedimentable fractions would help to pinpoint the mechanism by which 
lysosomes deal with cystine residues.
Unfortunately, insufficient time was available to enable these 
experiments to be started but, clearly this technique shows great promise 
and, with minor adaptation could be put to good use in exploring lysosome 
membrane permeability to various substances.
CHAPTER 10
General Conclusions
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The work described in this Thesis was carried out in an e ffo rt to 
ascotain the fate o f cystine residues in the lysosomal system. Possible 
mechanisms involved have already been discussed in Section 1.3 and are 
shown in Figure 1.1. In this Chapter, some aspects o f the possible 
mechanisms are re-examined.
A b rie f paper has recently appeared (Docherty, et a l . ,  1979) that 
provides evidence that some monosaccharides enter rat liv e r lysosomes by 
fac ilitated  diffusion. The authors used the osmotic protection method, 
and observed a significantly smaller increase in the free 3-glycerophos- 
phatase activity o f lysosome-enriched suspensions incubated at 25°C in 0.25M 
glucose when either ImM phlorrhizin or cytochalasin B was included. This 
report is  the f i r s t  to provide evidence o f active transport o f specific  
substances across the intact lysosome membrane, and must force a reconsider­
ation of the possibility  that, in normal lysosomes cystine escapes by a 
similar mechanism.
However, the work o f Docherty et a l .  (1979) is  unconfirmed and is  but 
one aspect o f a sharp controversy concerning possible ATPases in  lysosomes. 
Several reports of a lysosomal "proton pump" (see Section 1 .2 .4 .2 ), including 
two recent ones (Dell'Antone, 1979; Schneider, 1979), have been strongly 
disputed by Tager and coworkers (Reijngoud and Tager, 1973 and 1975;
Hoiiemans et a l . ,  1979) who propose an alternative mechanism fo r pH maintenance. 
We Dave shown that at least one report o f an ATPase is  mistaken (Chapter 4 ), 
and that ATP does not stimulate the uptake of proteins by lysosomes in v itro .
There would be no need to postulate a mechanism for the intralysosomal 
reduction o f cystine residues i f  a l l  protein disulphides were reduced prior 
to entry o f the proteins into the lysosomes. Since the lysosomes receive 
material from both extra- and in tracellu lar sources, the enzyme carrying out 
the pre-lysosomal reduction would have to be multi-sited within the c e ll. Also, 
any cystine residues that were delivered to the lysosomal in terior intact would 
be Unable to escape. This contrasts with the experimental evidence o f Chapter 8
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where, following the injection o f DPPC/DPPA liposome-entrapped [S ]c y s t in e ,  
most o f the radioactivity in the liv e r  was found in the S fraction after  
2h. The distribution o f N-acetyl-3-D-glucosaminidase suggests that entry 
into the ce lls  was by phagocytosis, and so i t  is  unlikely that prelysosomal 
reduction o f disulphides is  the only mechanism of escape o f cystine 
residues from lysosomes.
I f  cystine within lysosomes is  normally reduced before i t  can escape 
into the cytosol, then three fundamental questions need to be answered 
concerning the mechanism of the reduction. These are: (a ) what is  the 
enzyme involved? (b ) what is  the hydrogen donor? and (c ) how is  the 
hydrogen donor regenerated? These problems have been mentioned in  
Section 1.3, but some of the data o f Chapter 3 enables a further discussion 
here.
One potential reducing agent, small enough to permeate the membrane of 
lysosomes is  cysteamine. The present investigation showed that i t  could 
cross the lysosome membrane at a l l  three pH values tested. In it s  
oxidised form, cystamine, i t  exhibited a pH-dependent permeability. At 
high pH i t  was not able to penetrate the lysosome membrane, suggesting 
that perhaps i t  is  unable to enter lysosomes in vivo. However, at low 
pH i t  is  very permeant, so that i t  may be able to escape from the lysosome 
in terior. I t  is  thus possible that cysteamine could be the physiological 
reducing agent for the enzymic reduction o f disulphides within normal 
lysosomes.
Administration o f cysteamine may be a useful therapy in  cystinosis 
since, once i t  is  within lysosomes in  large amounts, i t  would reduce the 
cystine, and a lleviate the storage. A sim ilar rationale was behind the 
recent c lin ica l t r ia l  using ascorbic acid as reducing agent (see 1 .1 ), 
although Kroll and Schneider (1974) discounted its  action as a reducing 
agent since ascorbic acid has a lower redox potential than cystine.
However, the redox potential may not be the only relevant parameter in
35
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this instance since presumably any cysteine produced would be able to 
escape from the lysosomes and thus lower the cysteine/cystine ratio  in  
favour o f the desired reduction.
The present work, while not elucidating the mechanism by which 
cystine residues escape from lysosomes, has developed a technique that 
could be instrumental in  ascertaining whether or not cystine is  reduced 
prior to it s  escape. The rapid uptake of liposomes by the live r is  
particularly useful, since i t  enables the isolation o f a lysosome-enriched 
fraction o f liv e r  containing a high concentration o f exogenous material. 
Apart from the present goal, i . e .  elucidation o f the fate o f cystine, 
sim ilar procedures could be explored to investigate the effects o f changes 
o f intralysosomal pH on lysosomal membrane permeability, proteolysis 
within lysosomes or to ascertain the permeabilities o f other types o f  
substances. I t  would be unique, i f ,  in  the future, targetted liposomes 
containing the absent factor were used to alleviate cystinosis, after 
liposomes had been instrumental in  pinpointing the nature o f the defective
protein.
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APPENDIX
Presentation of Data o f Figures
These tables show the data presented graphically in  the Thesis in 
those cases where i t  cannot be calculated from the information given. 
Each Table gives only the raw data, and should be interpreted in 
conjunction with the Figure and its  Legend.
Figure 4.2
pH O •
5.0 51.2 Ì  17.1 89.0 Ì
5.5 11.0 J 1.6 47.5 ~
6.0 10.3 t  i . l 51.8 J
6.5 32.6 t  1.4 60.2 t:
7.0 20.7 Ì  1.7 69.7 t
7.5 30.1 t  1.5 87.8 t
8.0 41.7 1 1.9 99.5 ±
Figure 4.3
Time
(min.) • ▲ O
0 6.1 12.5 8.4
30 14.7 11.3 7.3
60 97.8 10.0 9.9
90 105.6 10.7 11.0
320 103.4 13.5 11.0
Figure 4.4
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Tim
e 
( h)
F ig u re  7 .4
Time
(min.)
0.5
1
1.5
2
2.5 
5
10
15
20
30
31.3 t  0.8 32.2
29.9 1 1.2 27.7
22.8 I  1.8 22.3
22.2 t  0.9 20.0
23.7 ì  1.8 21.2
18.5 -  2.0 18.0
15.9 J 0.9 14.5
13.6 t  1.1 12.4
12.4 t  1.9 12.8
12.3 I  3.0 11.1
O • □
+ _
1 2.6 n.d.T
X 2.6 n.d.T
+ 1.9 n.d.1.6 82.7 -  12.0+ 2.6 n.d.
54.6 J 7.0
T
4. 1.6T
i 0.7 29.1 -  4.7
T
4. 0.9 13.2 I  4.2T
« 1.5 6.5 J 1.9
*r 3.3 4.1 t  0.7
Figure 7.6
Time /■v
(min.) o
0.5 27.5 t
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•
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Figure 9.1
0.25M Glucose
i (min.) 0 • ▼
0 13.5 6.4 32.1
30 27.2 22.8 16.7
60 52.3 43.0 25.5
F ig u re  9 .1  con td
0.234 Sucrose
Time (min.) O • ▼
0 9.6 7.8 11.2
30 8.6 11.1 13.7
60 8.7 9.3 13.1
Figure 9,2
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Time (min.) 0 • ▼
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Figure 9.3
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Figure 9.5
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Figure 9.6
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